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Abstract

In large-scale liquid storage operations, achieving complete spatial uniformity is a critical
operational and regulatory challenge, particularly when blending miscible fluids with
distinct physical properties. This thesis investigates the fluid dynamics between inertia-
driven jet motion and buoyancy-induced stratification within a partially filled industrial
storage tank. When operating under a turbulent flow regime, it is often the case that
traditional semi-empirical blend-time models fail to capture the transient settling phases

and the localized impact of buoyancy forces once active pumping stops.

To systematically explore these mixing dynamics, a 2D planar computational domain
was established within COMSOL Multiphysics to model the incompressible Navier-Stokes
equations coupled with species transport. To balance computational economy with phys-
ical accuracy, a modified laminar solver utilizing effective dimensionless groups, including
effective Reynolds (Reere) and Péclet (Peess) numbers, was implemented to depict en-
hanced turbulent momentum and mass diffusion. Finally, the density gradient between
the injected and resident fuels was resolved using the Boussinesq approximation. A
comprehensive mesh independence study established that an ”Extra Fine” grid config-
uration, with 30000 grid elements, successfully suppressed non-physical advective shear

layers while optimizing computational efficiency.

Parametric sweeps systematically varied the effective Reynolds and Richardson numbers
to isolate the competing effects of jet inertia and buoyancy. The baseline simulation, rep-
resenting nominal operating conditions at the VAROPreem facility, demonstrated that
while the horizontal jet initiates massive counter-rotating vortices and successful active
mixing, the global kinetic energy completely dissipates over a 4-day settling period. Lack-
ing convective momentum, gravitational forces reassert dominance, causing the dense fuel
to separate and leading to severe horizontal stratification, where the top stratum density
plummets to 792 kg/ m?’7 the density of the light diesel.

To improve the mixing in the tank, a series of geometric nozzle modifications was eval-
uated. The computational results conclusively identify a dual-angle nozzle configuration
as the optimal design. Dividing the volumetric flow and inclining the injection jets up-
ward reorients the advective shear to act directly against the vertical density gradient.
This arrangement completely disrupts localized pooling and sustainably preserves a ver-
tically uniform concentration profile throughout the prolonged settling period, offering a

rigorously validated structural upgrade strategy for industrial fuel blending.
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Nomenclature

General Symbols

Greek Letters

Symbol Description Unit
c Normalized species concentration -
D Nozzle diameter m
Dag Molecular diffusivity m? /s
g Gravitational acceleration m/s?
H Total tank height m
Hmax Initial volume/height of resident fluid m
P Pressure Pa
Q Volumetric flow rate m?3 /s
T Tank diameter m
U Nozzle average velocity m/s
u Local velocity vector m/s
Symbol Description Unit

c

Solute expansion coefficient -
Turbulent kinetic energy dissipation rate m?/s®

Dynamic viscosity Pas
Kinematic viscosity m? /s
Fluid density kg/m?3

Dimensionless Groups

Symbol Description

Peers Effective Péclet number
Reers Effective Reynolds number
Ri Richardson number

Sc Schmidt number

St Strouhal number




Contents

1 Introduction
1.1 Problem Statement . . . . . . . . ...
1.2 Thesis Outline . . . . . . . . .

2 Literature Review

2.1 Fundamentals of Fluid Mixing and Turbulence . . . . . . . .. ... ...
2.2 Jet Hydrodynamics and Entrainment . . . . . . .. ... ... ... ...
2.3 Buoyancy-Driven Flows and Stratification (Mixed Convection) . . . . . .
2.4 Industrial Blend Time Models and Geometric Optimization . . . . . . . .
2.5 Nozzle Geometry and Aiming Strategies . . . . .. ... ... ... ...
2.6 Numerical Modeling of Scalar Transport at High Schmidt Numbers

2.7 The Research Gap: Mixed-Convection . . . . .. .. ... ... .....

3 Mathematical Model
3.1 Physical Configuration and Problem Definition . . . . . . . ... ... ..
3.2 Governing Physical Mechanisms . . . . . . . ... ... ... .. .....
3.2.1 Turbulent Kinematic Scaling and Effective Diffusivity . . . . . . .

3.3 Assumptions and Simplifications . . . . . . ... ...

4 Numerical Modeling and Scaling
4.1 Dimensionless Formulation and Governing Equations . . . . .. ... ..
4.2 Boundary Conditions . . . . . . . . ... ..o

4.3 Numerical Discretizations and Solver Strategy . . . . . . . ... ... ..

5 Results and Discussion
5.1 Grid Independence Study . . . . . .. ...
5.2  Evaluation of Baseline Operating Conditions . . . . . . . . .. ... ...
5.2.1 The Influence of Jet Inertia (Re Variation) . . . . . ... ... ..
5.2.2  The Impact of the Density Difference (Ri Variation) . . . . . . ..
5.2.3 The Impact of initial volume . . . . . . . . . ... . ... ... ..

5.3 Geometric Optimization . . . . . . ... .. .. ... ... ... ..., .

6 Conclusions

6.1 Recommendations for Future Work . . . . . . . . .. ... ... .. ...



1 Introduction

1.1 Problem Statement

Handling and storage of liquids are fundamental challenges in chemical engineering op-
erations, both regarding physical and chemical properties. Different fluids can vary in
characteristics such as viscosity, density, boiling point, and chemical composition, which
makes their handling demanding and sometimes hazardous. Fuels, like the diesel exam-
ined in this work, are complex mixtures of various compounds. The physical properties
of these fuels and diesels therefore fluctuate from batch to batch, depending on the fuel’s
source and its refining or upgrading process. In addition, diesel is part of a vast logistics
network, with storage and transport systems that differ greatly in scale and operation.
The combination of these logistical complexities and quality variations can lead to cases
where partially emptied tanks are refilled with fuel of slightly different quality, creating

intricate mixing scenarios.

This study investigates the physical characteristics and, more specifically, the mixing
behavior of two miscible diesel fuels with different densities, as provided by VAROPreem.
As with any physical problem, gaining a solid understanding of the relevant transport
phenomena was a necessary first step toward grasping the issue more fully. In large-
scale storage tank operations such as those analyzed here, the processes mainly occur
under turbulent conditions. These systems function as jet-driven storage tanks, where
the absence of traditional mechanical impellers shifts mixing from a mechanically driven
to a flow-driven process. In this setup, homogenization depends entirely on the kinetic
energy of the incoming fluid, which is pumped through nozzles to form a high-velocity,

momentum-driven turbulent jet that entrains and mixes the surrounding liquid.

In large-scale storage tank operations, like the ones studied here, the processes oc-
cur mainly in turbulent regimes. Specifically, these systems operate as jet-driven stor-
age tanks, where the lack of traditional mechanical impellers shifts the mixing from a
mechanical-based to a flow-based operation. In this configuration, homogenization relies
entirely on the kinetic energy of the incoming fluid, which is pumped through nozzles
to create a high-velocity, momentum-driven turbulent jet that entrains and mixes the
surrounding resident liquid. The density mismatch in that case, even if small, triggers
buoyancy effects that compete with this initial momentum coming from the injection.
While this storage setup is mechanically simple, the resulting mixing dynamics, driven
by a competition between inertia, viscosity, buoyancy, and molecular diffusion, present
a complex and important problem, the solution of which is essential to the company’s

operations. Quality requirements, often referred to as regulatory standards, are imposed



by the European Union; consequently, inadequate mixing and stratification can lead to

major issues.

A particular difficulty arises when a secondary fuel is injected from the bottom of a
partially filled tank. Unlike a fully enclosed system, the existence of a free surface allows
for vertical stratification and suppresses large-scale recirculating flow, thereby amplifying
buoyancy effects. Although the injected stream initially behaves like a momentum-driven
jet, its path is governed by the balance between inertial and buoyant forces. This balance
determines whether the fluid can meaningfully traverse the tank, transition into a buoyant

plume, or remain confined near the injection region.

Although jet mixing in tanks has been studied extensively, the effects of buoyancy and
how it influences partially filled volumes are not yet fully characterized. Traditional
models often simplify or ignore this transition, failing to capture the point where the jet
bends and sinks in the surrounding fluid. However, a full understanding of the precise
mixing dynamics under these particular conditions still requires detailed experimental
and numerical studies. This study employs a mathematical model of the incompress-
ible Navier-Stokes equations and species transport to identify the specific mechanisms

governing homogenization in the described flow regime and mixing dynamics.

1.2 Thesis Outline

The present study is organized into six chapters, progressing from the industrial and
theoretical motivation to numerical implementation and the subsequent analysis of flow

regimes. The structure is as follows:

e Chapter 2: Literature Review provides a survey of the fundamental physics of
laminar and turbulent jets and buoyancy-driven flows. It examines existing semi-
empirical models for jet mixing in industrial vessels and highlights the research gap

regarding turbulent mixed-convection regimes in partially filled tanks.

e Chapter 3: Mathematical Model details the governing equations for momen-
tum and species transport. This chapter establishes the physical assumptions, in-
cluding the Boussinesq approximation and derives the dimensionless groups (Re,
Ri, Sc, Pe, and St) that define the parameter space of the study.

e Chapter 4:Numerical Modeling and Scaling describes the computational im-
plementation using COMSOL Multiphysics. It covers the selection of finite element
schemes, the mesh independence study, and the solver configurations necessary to

resolve high Péclet and Reynolds number transport.



e Chapter 5: Results and Discussion presents the findings from the numerical
simulations. It classifies the resulting flow patterns into distinct regimes, ranging
from inertia-dominated penetration to buoyancy-induced stratification, and ana-

lyzes the scaling of homogenization times.

e Chapter 6: Conclusions summarizes the primary findings and their practical
implications for fuel storage operations at VAROPreem. Recommendations for

future research and operational strategies are also provided.



2 Literature Review

In practical storage systems, the liquid level is constrained by pump suction requirements.
The net positive suction head (NPSH), defined as the pressure margin at the pump
inlet above the vapor pressure of the liquid, must be sufficient to prevent cavitation
and associated performance degradation [1]. Because the available NPSH increases with
hydrostatic head, minimum operating levels are typically imposed, thereby limiting the

range of fluid heights over which injection and mixing processes may occur.

Previous studies have shown that laminar jet penetration and mixing in quiescent vol-
umes can be captured numerically, providing confidence in computational approaches
for studying similar systems [2]. In this study, COMSOL Multiphysics is employed to
resolve the coupled velocity and concentration fields. This numerical approach allows
for the isolation of specific dimensionless effects, such as varying the Richardson number
while holding the Reynolds number constant, which would be difficult to achieve in a

physical experiment at the VAROPreem facility.

The objective of the present study is to examine the interaction between inertia-driven
jet motion and buoyancy-induced stratification in a confined, partially filled tank. The
governing conservation equations for mass, momentum, and species transport are for-
mulated and recast in dimensionless form to identify the parameters controlling regime
behavior. Particular emphasis is placed on the competition between inertial, buoyant,
and diffusive effects and their influence on homogenization dynamics. By systematically
varying the relevant dimensionless groups, the conditions leading to efficient mixing or

persistent stratification are characterized.

2.1 Fundamentals of Fluid Mixing and Turbulence

Fluid mixing in industrial process vessels is a multiscale phenomenon that requires a
clear distinction between bulk fluid motion and molecular-level interactions. The large-
scale, bulk flow patterns within a vessel are responsible for macromixing [3]. In jet-driven
storage tanks, this corresponds to the global convective loops and the large-scale fluid
displacement generated by the momentum of the incoming jet. Conversely, micromixing
refers strictly to spatial mixing at the molecular scale [3]. This represents the ultimate
physical limit of homogenization, bounded by the theoretical extremes of complete seg-

regation and maximum mixedness [3].

Beyond the physical scales of interaction, mixing processes are further categorized into
spatial and temporal domains. Temporal mixing evaluates the residence time of fluid

particles within a continuous flow system, tracking when molecules enter and how long



they remain before exiting [3]. However, for non-reactive batch or semi-batch operations,
such as the fuel blending studied here, the primary theoretical focus is spatial mixing.
Spatial mixing quantitatively answers whether a sampled volume of fluid is structurally
homogeneous [3]. If a vessel is fed with chemically or physically distinct fluids, effec-
tive spatial mixing ensures that the resulting bulk volume achieves a uniform, blended

composition without localized gradients [3].

While macromixing establishes the global distribution of fluid, the actual breakdown of
these bulk volumes is governed by turbulent dispersion [4]. In fully developed turbulent
flows, this phenomenon is often analyzed through the framework of isotropic turbulence,
where the statistical properties of the velocity fluctuations are assumed to be independent
of direction [4]. Within this regime, turbulent eddies of varying length scales actively

stretch, fold, and deform the fluid parcels.

The effectiveness of this breakdown is quantified by relative dispersion, which describes
the rate at which the distance between two initially adjacent fluid particles increases over
time [4]. This separation process is the primary physical mechanism responsible for gen-
erating interfacial area between the two miscible liquids [4]. As turbulent kinetic energy
is transferred from the macroscopic integral scales down through the inertial scale, the
eddies continuously reduce the characteristic length scale of the concentration gradients
[4]. For heavy fuels operating at high Schmidt numbers, where pure molecular diffusion
is exceptionally slow, this turbulent transfer and relative dispersion is strictly necessary,
since it is the only mechanism that can mechanically shrink the unmixed fluid structure

down to a scale where spatial mixing can be achieved [4].

This cascading process of turbulent kinetic energy transfer is rigorously described by Kol-
mogorov’s theory of isotropic turbulence. The kinetic energy injected at the macroscopic
integral scales cascades down through the inertial subrange to progressively smaller eddies
until it reaches the Kolmogorov microscale ( k), where viscous forces dominate, and the
remaining kinetic energy is dissipated into heat. As established by the foundational works
of Baldyga and Bourne [5] , as well as Fox [6], this local rate of turbulent energy dissipa-
tion () fundamentally dictates the micro-mixing timescale (tmicro), which represents the
ultimate rate-limiting step for true molecular homogenization. Furthermore, Villermaux
[7] highlighted that for liquids with large Schmidt numbers, attaining structural homo-
geneity demands that these smallest turbulent length scales continually stretch and fold
the fluid parcels. This deformation must persist until the striation thickness is reduced
to the Batchelor scale, the point at which molecular diffusion can finally and efficiently

bridge the concentration gradients.
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2.2 Jet Hydrodynamics and Entrainment

In confined vessel geometries, jet mixers operate by introducing a high-velocity fluid
stream that continuously entrains the surrounding bulk fluid. To maximize the effective-
ness of this entrainment, the jet is typically angled upward from the bottom of the vessel
so that it intercepts the liquid surface at the opposite wall [8]. This specific configuration
is designed to maximize the free jet path length (Z), which dictates the volume of bulk

fluid the jet can interact with before interacting with any boundary.

As the jet evolves away from the nozzle and entrains increasing amounts of the surround-
ing liquid, its velocity progressively decays. The centerline velocity of the jet at the end of
its free path (U,) is inversely proportional to this path distance, defined by the empirical
relationship [8]:

D

where U is the initial velocity at the nozzle and D is the nozzle diameter. Despite this
significant convective deceleration, the jet maintains the conservation of momentum as it
expands radially. As a result, the product of its initial velocity and diameter is equal to
the product of its final velocity and expanded diameter (D) at the end of the free path
8]:

UD = U,D, (2)

A
\ 2

A

Figure 1: Schematic of the jet hydrodynamics and geometry

Building on the principles of isotropic turbulence discussed previously, the overall macro-

scopic mixing rate inside the vessel is not determined by the extreme velocities located

11



immediately at the nozzle. Nor is it simply an average across the entire tank volume.
Instead, the global mixing limit is constrained by the local kinetic energy remaining,
specifically at the end of the free jet path [8]. Because convective velocities decay as the
jet expands, the homogenization of the entire vessel is effectively dictated by whether the
jet retains enough momentum to actively mix the fluid at this furthest boundary before

dissipating [8].

Because the physical limitations of the jet’s free path dictate the overall blending effi-
ciency, the geometry of the storage vessel itself plays a crucial role. For a given vessel
volume, theoretical and empirical models suggest an optimum asE)ect ratio, defined as
the ratio of liquid depth to vessel diameter (H=T). of exactly 1=" 2, or approximately
0:707 [8]. Operating at or near this specific geometric ratio minimizes the required power
input for a desired blend time by maximizing the turbulent kinetic energy dissipation

rate precisely at the end of the free jet path [8].

2.3 Buoyancy-Driven Flows and Stratification (Mixed Convec-
tion)

The momentum-driven entrainment models discussed previously assume that the injected
and ambient fluids possess identical physical properties. However, when there are dif-
ferences in properties such as the density, the flow trajectory is determined by the com-
petition between forced inertial transport and buoyancy forces, which can be classified
as mixed convection. This competition is theoretically quantified by the dimensionless
Richardson number (Ri), which expresses the ratio of potential energy (buoyancy forces)

to kinetic energy (flow momentum) [9]. It is mathematically defined as:

Y

Ri T (3)

where A = ¢ represents the relative density difference, h is a characteristic vertical length
scale, U is the characteristic flow velocity, and g is gravitational acceleration [9]. Alterna-
tively, this balance can be expressed using the jet-densimetric Froude number (F), where
the Richardson number is fundamentally proportional to the inverse square of the Froude
number (Ri / 1=F?) [10].

In confined process vessels, order-of-magnitude estimates reveal that even minute density
variations, on the order of 2%, can induce dominant buoyancy effects if the tank is mod-
erately large and the flow velocity is relatively low [9]. The magnitude of Ri governs the

resulting flow regime. When momentum heavily dominates (jRij 1), forced convection
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controls the dynamics; the jet maintains a Gaussian velocity profile, punches through the
bulk fluid, and establishes steady recirculation via high-gradient shear entrainment |9,
10].

Nonetheless, as the jet evolves and its inertial forces decay, the local Richardson num-
ber increases, triggering a transition from a momentum-dominated ”jet-like” zone into
a buoyancy-dominated ”plume-like” zone [10]. The spatial extent of this transition is
defined by the jet-to-plume length scale (lp), calculated as the ratio of the momentum
and buoyancy fluxes [10]. During this transition, the mixing mechanism shifts radically.
Shear entrainment is replaced by vortex entrainment, where complex structural forma-
tions, such as counter-rotating vortex pairs (CRVP), actively draw ambient fluid into the
bent jet [10].

For a dense, negatively buoyant jet (Ri > 0) injected horizontally or with a slight up-
ward angle, this transition dictates a two-phase trajectory [9, 10]. During the initial
ascent phase, the negative impact of buoyancy continuously erodes the jet’s vertical pen-
etration [10]. Once the terminal height is reached, the descent phase begins, causing
the trajectory to curve heavily downward [10]. Ultimately, the turbulent jet impacts
the bottom boundary and collapses into a laterally spreading density current [10]. This
phenomenon definitively marks the boundary of the near-field mixing zone, creating se-
vere fluid stratification [10]. In industrial applications, this results in a large fraction of
the fluid remaining completely unmixed, drastically reducing the system’s operational

capacity and efficiency [9)].

2.4 Industrial Blend Time Models and Geometric Optimization

Jet mixing is an established method for blending fluids in large storage vessels due to its
mechanical simplicity and cost-effectiveness compared to impeller-based agitation [11]. In
industrial practice, designers typically rely on semi-empirical correlations to predict the
blend time ( ), defined as the time required to reach a specified level of homogenization.
In experimental validations using conductivity tracers, this is often strictly defined as

achieving 99% homogeneity [11].

The premier theoretical approach is the Jet Turbulence model, developed by Grenville
and Tilton [8, 12]. This theory asserts that the overall mixing rate for the entire vessel
is governed exclusively by the turbulent kinetic energy dissipation rate () at the end of

the jet’s free path, rather than an average energy across the tank [12]. Their correlation:
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= 3:00 (4)

N| O

v
D

relates nozzle velocity (U), diameter (D), and free jet path length (Z) to the mixing
time . Because the controlling factor is the kinetic energy remaining at the terminus,
this model predicts that mixing is most energy-efficient when the jet path length is
minimized—mathematically optimized at a fluid depth to vessel diameter ratio (H=T ) of

approximately 0:707 [11].

An alternative approach is the Circulation Time model proposed by Maruyama et al. [13]
and Revill [14], which dictates that the blend time is directly proportional to the global

circulation time ( ):

T?H

=4Upz (5)

Because the volume of fluid a jet entrains naturally increases the further it travels, this
model predicts the exact opposite behavior of the energy dissipation theory: it assumes

mixing efficiency is maximized when the jet path (Z) is maximized [11].

While both models provide accurate and remarkably similar predictions for typical storage
vessels (H=T 1), their predictions diverge significantly in altered geometries [11]. The
physical geometry of the vessel fundamentally dictates the jet’s development. A standard
free jet expands outward with an approximate 11-degree half-angle as it entrains fluid [11].
In heavily confined or exceptionally tall vessels, the width of this expanded jet eventually
exceeds the physical constraints of the tank walls [11]. This restricted expansion shifts
the impingement points and fundamentally alters the global circulation loops, causing

traditional models to over-predict blend times [11].

Ultimately, the primary limitation of these classical industrial models is their assump-
tion of ideal, unstratified conditions under continuous momentum injection. In oper-
ations where miscible fuels possess slight density differences, buoyancy forces actively
resist vertical entrainment and further distort the jet’s expansion. Existing correlations
frequently fail to account for how the Richardson number (Ri) modifies the effective jet
path in confined geometries. Most importantly, they do not address the transient settling
phase—the period after active pumping ceases, where residual kinetic energy dissipates,
and buoyancy-driven stratification reasserts dominance. This specific gap motivates the

numerical investigation presented in the following chapters.
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2.5 Nozzle Geometry and Aiming Strategies

To mitigate the limitations imposed by vessel geometry and to prevent the formation of
stagnant dead zones, the physical orientation of the injection nozzle is a critical design
parameter. Historically, industry guidelines have recommended aiming the jet nozzle so
that the fluid stream spans the longest continuous dimension of the tank [15]. For side-
entry nozzles, this traditionally means angling the jet upwards so that it travels across
the tank’s diagonal, explicitly attempting to maximize the free jet path length (Z) and

maintain a robust three-dimensional flow pattern [15].

Recent evaluations of specific aiming configurations, as depicted in Figure 2, highlight

how the injection angle dictates the internal flow dynamics:

e Upwards-Pointing, Centrally Aligned Jets: Aiming a side-entry nozzle verti-
cally upward (> 0, see Figure 2a) and aligning it perfectly straight across the
tank’s diameter ( =0 , see Figure 2b) yields the fastest and most energy-efficient
mixing [15]. Because this geometry maximizes the distance the jet travels before
impinging on a boundary, the jet entrains the highest possible volume of bulk fluid

into the global circulation loop [15].

e Downwards-Pointing Jets: Aiming a jet towards the floor of the tank drastically
restricts the free jet path length [15]. The fluid prematurely impacts the bottom
boundary, which halts radial entrainment, restricts the global circulation rate, and

significantly increases the overall blend time [15].

e Wall-Oriented Jets: If a nozzle is angled horizontally towards the adjacent side
wall rather than straight across the tank’s diameter, mixing efficiency rapidly dete-
riorates [15]. While this orientation shortens the jet’s path, it fundamentally alters
the flow mechanics by dominating the internal circulation with a tangential flow
component [15]. This suppresses the complex, three-dimensional flow structures

necessary to effectively sweep out dead zones [15].

Ultimately, preventing premature jet impingement against the tank floor and avoiding
steep horizontal inclinations toward the vessel walls are the primary aiming strategies
required to guarantee total fluid turnover [15]. For systems constrained by fixed volu-
metric flow rates or those operating under mixed convection, adopting an upward-angled
trajectory is mechanically essential to distributing kinetic energy throughout the entire

domain.

15



Jet Nozzle
l y Jet Nozzle
l e
B

(@ (b)

Figure 2: Depiction of jet injection angles (a) from a side view (angle ) and (b) from a
top view (angle )

2.6 Numerical Modeling of Scalar Transport at High Schmidt

Numbers

Although the flow inside jet-mixed storage tanks operates in a turbulent regime, directly
resolving the full spectrum of chaotic, multiscale velocity fluctuations via the standard
Navier-Stokes equations is computationally heavy, to the point that is beyond the frame-
work of this thesis. To address this, the macroscopic flow behavior is traditionally ana-
lyzed using the Reynolds decomposition [16]. This approach separates the instantaneous
flow variables, such as the velocity vector u(X;t) and the species concentration c(X;t),
into an ensemble-averaged mean component (denoted by h:::i) and a fluctuating compo-

nent (denoted by a prime):

u(x;t) = hu(x; t)i + u'(x; t) (6)

c(x;t) = he(x; t)i + c'(X; 1) (7)

Substituting these decomposed variables into the governing equations and ensemble-
averaging the entire system yields the Reynolds-Averaged Navier-Stokes (RANS) equa-
tions. While the linear terms average cleanly, the nonlinear convective terms produce
unclosed correlations of the fluctuating variables [16]. In the momentum equation, this
manifests as the Reynolds stress tensor, g = hu’ Ui, which represents the addi-

tional momentum transfer caused by turbulent eddies. In the species transport equation,
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it yields the turbulent scalar flux vector, g, = hu’c'i, representing the turbulent mixing
of the solute [16].

To close these equations without resolving the chaotic fluctuations, standard RANS mod-
els employ the Boussinesq eddy-viscosity hypothesis and the gradient diffusion hypothesis
[16]. These frameworks approximate the turbulent stresses and fluxes by relating them

to the gradients of the mean flow via a turbulent eddy viscosity ( ¢) and a turbulent eddy
diffusivity (Dy):

0 0

ha Ui ¢ rhui + (rhui)’ (8)

hu'c’i  Dyrhei (9)

While this generalized RANS framework is industry-standard, modeling the spatial mix-
ing of specific solutes presents significant numerical and physical challenges, particularly
when the molecular diffusion rate of the solute is orders of magnitude slower than the
transport of momentum. The competition between these transport mechanisms is pa-
rameterized by two critical dimensionless groups: the Schmidt number (Sc) and the
Péclet number (Pe). The Schmidt number is theoretically defined as the ratio of a fluid’s
kinematic viscosity ( ) to the molecular diffusivity of the scalar (D), expressed mathe-
matically as Sc = =D [17]. Therefore, a high Schmidt number indicates that momentum
diffuses much faster than mass. The Péclet number defines the ratio of the rate of ad-
vective transport (carried by the bulk fluid flow) to the rate of diffusive transport. In
discrete numerical simulations, this is often evaluated locally as the ”cell-Péclet num-
ber,” representing the advection-to-diffusion ratio across the physical distance of a single

computational grid cell.

The primary difficulty in solving the closed RANS equations for slow-diffusing fluids is
that the exchange of mass is restricted by an extremely thin Concentration Boundary
Layer (CBL) nested deeply inside the viscous sublayer [17]. Because scalar transport
in this near-wall region is primarily governed by microscopic molecular diffusion, accu-
rate simulations require extremely high-resolution computational grids. This creates a
severe numerical bottleneck: as the grid is made finer to capture the CBL, the diffusive
timescale (Ay?=D) becomes significantly smaller than the advective timescale (Ay=U).
If an explicit time-integration scheme is used, this disparity restricts the simulation to
impractically small time-steps, frequently requiring the use of fully implicit discretization

methods for the diffusion terms simply to maintain numerical stability [17].
Furthermore, the predictive accuracy of the RANS gradient diffusion hypothesis for these

17



flows relies entirely on appropriately reproducing the near-wall profile of the turbulent
eddy viscosity ( t). Minor pre-factors that are inconsequential for momentum transfer

become absolutely crucial for accurately predicting high-mass-transfer flows [17].

Even with accurate near-wall modeling, high-Schmidt flows inherently operate at high
cell-Péclet numbers where bulk advection heavily dominates molecular diffusion. Dis-
cretizing the advective terms of the transport equations using standard central-differencing
schemes under these conditions invariably leads to severe numerical instabilities. These

Y

instabilities manifest as "wiggles,” which are unphysical spatial oscillations in the scalar

concentration field [17].

To prevent these wiggles and maintain solver stability, CFD practitioners must modify
their numerical schemes. The standard approach is to introduce an upwind bias to the
advective terms, effectively damping the oscillations. However, while upwind schemes
successfully suppress the wiggles, they inherently introduce numerical diffusion—an ar-
tificial, mathematically induced smearing of the concentration gradients. This artificial
diffusion can easily overestimate the actual physical mixing processes taking place within
the vessel. Balancing the need for a stable, oscillation-free solution against the loss of
physical accuracy from artificial smearing remains a central challenge in modeling high-

Péclet fluid homogenization.

2.7 The Research Gap: Mixed-Convection

In the context of VAROPreem’s operations, where density differences are small and veloc-
ities are moderate, the flow resides in a purely turbulent regime influenced by buoyancy.
There is a lack of localized data regarding how the Richardson number (Ri) modifies these
classical blend-time correlations in confined, partially filled geometries. Other studies,
such as those proposed by Grenville and Tilton [11] propose an intractable fast mixing
time that does not align with the experimental data provided by VAROPreem. This
gap motivated the numerical investigation presented in this thesis and discussed in the

chapters that follow.
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3 Mathematical Model

3.1 Physical Configuration and Problem Definition

The system that is considered in its full-scale configuration is a 3D cylindrical industrial
storage tank. In this actual configuration, a diesel with an inlet velocity U and density "1
is introduced through a localized feed nozzle of diameter D to drive the mixing process.
The vessel, characterized by a total height H and diameter T, is initially filled to a height
h with a bulk diesel of density ",. To make the numerical simulation computationally
tractable while still capturing the fundamental transport phenomena of the high Reynolds
number flow, a simplified 2D planar computational domain is established to approximate
the 3D geometry. As illustrated in Figure 3, the nozzle is represented on the left-hand
side at a distance k above the tank bottom. To nondimensionalize the model, all length
scales are divided by the nozzle diameter, velocities are scaled by the jet velocity, and
concentrations are normalized by the injected jet concentration. Consequently, the tank
initially has a concentration ¢ = 0, which evolves toward Cinj. The complete list of the

characteristic parameters is shown in Table 1.

—_

T ———

>

T

Figure 3: Schematic of the studied setup

Table 1: Characteristic scaling parameters used for model non-dimensionalization.

Physical Quantity Description Symbol
Velocity Nozzle Average Velocity U
Length Nozzle Diameter D
Time Characteristic Nozzle Time t, = D=U
Concentration Concentration of Injected Fuel Cinj
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does A turbulent jet, which initially evolves under inertial dominance before interacting
with the surrounding ambient fluid, enters the bulk, and its development is progressively
influenced by buoyancy forces arising from the slight density differences between the
injected and ambient fluids. Although the liquids are fully miscible and can form a
continuous density field without sharp interfaces, molecular diffusion is not actively help
with the mixing, since the diffusivity coefficient is extremely low when it comes to fuels.

Thus, the mixing is controlled by the turbulent conditions created by the injecting jet.

In order to better understand this process and to identify the driving mechanisms, it
is necessary to assess and compare the relative rates of fluid injection, bulk transport,
and molecular homogenization. Within the jet-driven mixing framework, the following

characteristic timescales quantify the evolution of the mixing state:

* Feed Time (tgeq): The duration required to introduce the secondary fluid. Be-
cause the numerical model utilizes a 2D planar geometry to approximate a 3D
cylindrical tank, a distinction is made between the physical and computational feed
times. For the actual 3D physical system, the feed time to introduce a volume

Vieed 3p at a volumetric flow rate Qsp is:

2
Vieedsp T

Qs> 4Qsp

tfeed,3D = AH (10)

Conversely, in the 2D computational domain, the equivalent feed time is calculated

using the cross-sectional area of the feed Ageeq and the 2D planar flow rate Q,p:

Q2p U D

tfeed,2D =

Distinguishing between these timescales is essential, as their ratio provides the
necessary scaling factor to translate the simulated 2D mixing time into a realistic

3D prediction.

* Macro-mixing Time (tmacro): The time required for the turbulent jet to establish
a global circulation pattern and drive bulk turnover across the tank. Because the jet
entrains ambient fluid and loses velocity, the large-scale circulation is governed by
the jet’s momentum flux rather than the raw inlet velocity. Using the characteristic
bulk velocity Upyx U (D=T), the macro-mixing timescale is defined as:

T2

tmacro = uD (12)

e Micro-mixing Time (tmicro): In the fully turbulent regime (Re > 4000), this rep-
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resents the timescale of the Kolmogorov scales, where molecular diffusion dissipates

concentration gradients. Using the energy dissipation rate and kinematic viscosity
r_

tmicro = — (13)

e Diffusion Time (tg ): The time required for pure molecular diffusion to act over
the macroscopic length scale of the nozzle D, illustrating that without turbulent

breakdown of the fluid into smaller micro-scales, molecular diffusion is negligible.

D2
DAB

tiirr = (14)

e Inlet Buoyancy Time (tpoy): The timescale over which buoyancy forces attempt
to redistribute the fluid in response to existing density gradients:

S

tbuoy - m (15)

In this study, the mixing dynamics are strictly governed by the kinetic energy of the
turbulent jet. Because the molecular diffusion time (tgirf) for liquid fuels is exception-
ally long, large-scale transport and fluid homogenization are driven almost entirely by
turbulent eddies rather than molecular diffusion. Furthermore, while gravitational forces
act on the heavier injected fluid, the initial momentum of the jet overwhelms local grav-
itational stabilization at the inlet. Despite being a secondary effect in the near-nozzle
region, these buoyancy forces actively influence the broader flow development and must

therefore be retained in the governing equations.

3.2 Governing Physical Mechanisms

The flow development within the partially filled tank is governed by the interaction of
several fundamental physical mechanisms. The injection of fluid at the bottom corner
introduces momentum into the system, while density differences between the injected
and resident fluid generate buoyancy forces. The motion of the fluid is governed by the
incompressible Navier-Stokes and Continuity equations, which in their dimensional forms

are:

+ g (16)
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“=" ra+(ra) (17)

r u=0 (18)

where " is the stress tensor, as described in Eq. 17, and the superscript hat indicates
dimensional variables. The nonlinear convective term in Eq. 16 represents inertial trans-
port of momentum, while the divergence of the stress tensor represents viscous diffusion.
The relative importance of inertial to viscous effects is characterized by the Reynolds

number:

Re = = (19)

These equations are supplemented by the mass conservation equation for the chemical

species:

¢: R R N
% t 40 ré =Dagr (20)

In the species conservation equation, the advection term describes the transport of species
by the bulk motion of the fluid, whereas the diffusion term represents molecular mixing
driven by concentration gradients. The Schmidt number quantifies the ratio of momentum

(viscous) diffusion to molecular mass diffusion:

~

Sc=—2 (21)
AlDAB

For the characterization of the overall mass transport, it is useful to define the Péclet

number (Pe), which relates the rates of advective transport to diffusive transport:

UD
Pe=_—=Re Sc (22)
DAB

In the context of liquid-liquid blending, the Péclet number is often several orders of

magnitude larger than the Reynolds number. From a numerical perspective, high Pe
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values indicate that the transport equation is heavily advection-dominated.

Buoyancy arises due to the coupling between density gradients and the gravitational
body force. In many practical liquid flows, including the present case, density variations
remain small compared to a reference density (A =" 1). Under this condition, the
Boussinesq approximation is invoked [18]. This approximation retains density variations
only in the gravitational body-force term, while a constant reference density, "o, is used
in all inertial and viscous terms of the governing equations [19]. Within the Boussinesq

approximation, the momentum balance equation (Eq. 16) is replaced by:

+ 7¢O (23)

According to the Boussinesq hypothesis for buoyancy-driven flows where density varies

with concentration only, the local dimensional density "¢ is defined as [19]:

o= Ao[l C(C Cref)] (24)

where Cref is the reference concentration. The solute expansion coefficient, ., represents

the sensitivity of density to changes in concentration and is defined by [19]:

_ L (25)

0
cC — ~ A A
Q¢ o1

The competition between these buoyancy forces and inertial forces is assessed using the
Richardson number [18]:

. A"gD
rRi— 2 9P (26)
0o U2
When Ri 1, the flow behaves primarily as a forced jet; as Ri approaches or exceeds

unity, buoyancy significantly alters the flow structure, leading to stratification [18].

3.2.1 Turbulent Kinematic Scaling and Effective Diffusivity

As established in the theoretical framework, modeling the chaotic fluctuations of the

turbulent jet requires accounting for the enhanced transport caused by turbulent eddies.

23



According to established turbulence theory [20], the total effective viscosity of the fluid
is the sum of the molecular and turbulent contributions ( ¢ = rea + ). Because the
molecular viscosity of the fuel is exceptionally small compared to the turbulent momentum
transfer in this regime ( reql t), the effective viscosity is entirely dominated by the
turbulent eddies ( t). By direct analogy, the effective species diffusivity is De =
Dag + Dy, where Dag is the molecular diffusivity and D¢ the turbulent diffusivity.

In fully resolved CFD closures, Dy is dynamically computed by solving additional complex
partial differential equations. To significantly reduce computational cost while preserving
this macroscopic turbulent kinematic behavior, this study bypassed the full RANS closure
and integrated these turbulent mixing effects directly into the dimensionless scaling via

an effective Péclet number (Pee ).

However, if a global, constant Pe, were applied across the entire computational domain,
macroscopic mixing would proceed indefinitely, even in stagnant regions or after the inlet
pump is shut off. To capture the physical reality that turbulent diffusion strictly decays
as kinetic energy dissipates, the local diffusivity was explicitly linked to the velocity field.

In the dimensionless numerical model, this transport coefficient was formulated as:

uj

D.=D
¢ 0+Pee

(27)

where Dy = 10 ° represents the negligible background molecular diffusion required to
ensure numerical stability. With this formulation, turbulent mixing (juj=Pee ) actively
governs species transport in regions with high kinetic energy, but effectively drops to
zero as the velocity field (u) vanishes. This mathematically guarantees that once the
jet momentum ceases, artificial homogenization is arrested, allowing buoyancy-driven

stratification and settling to be accurately simulated.

3.3 Assumptions and Simplifications

To develop a computationally efficient model that remains physically representative of

the industrial blending process at VAROPreem, the following assumptions are invoked:

e Isothermal Conditions: The mixing process was assumed to occur at a constant
temperature. Therefore, density variations were driven solely by local changes in

species concentration (solutal buoyancy) rather than thermal gradients.

e Newtonian Rheology: Both diesel fuels were treated as incompressible Newto-

nian fluids with constant dynamic viscosity. It was assumed that the shear rates
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encountered during jet mixing do not induce non-Newtonian effects.

Miscibility and Single-Phase Flow: The fluids were assumed to be fully misci-
ble at the molecular level. The system was modeled using a single-phase transport
approach, where the fluid properties vary continuously with concentration, neglect-

ing interfacial tension or phase separation.

Two-Dimensional Flow Approximation: To maintain computational efficiency,
the storage tank was modeled as a two-dimensional domain representing the vertical
cross-section, and the three-dimensional effects, such as swirling, were neglected.
Feed rates were scaled to preserve the equivalent 3D volumetric flow rate, allowing
the model to capture the key interaction between jet inertia and buoyancy-driven
forces, including the dominant mixing and settling mechanisms. Although absolute
mixing rates may differ from those in a full 3D simulation, the approach provided
a reliable and computationally efficient basis for comparing relative geometric op-

timizations, such as nozzle angle.

Fixed Volume and Free-Surface Approximation: While the actual tank is
only partly filled and its liquid level rises during injection, the corresponding com-
putational domain was treated as a fixed geometry. The free surface at the upper
boundary of the fluid region was represented by a slip-wall boundary condition,
thereby avoiding the substantial computational cost associated with explicit multi-
phase interface tracking (such as Level Set or Volume of Fluid techniques). Since
the fluid was assumed to be incompressible, adding an inlet flow into a fixed-volume
domain necessitated a mass sink to satisfy the continuity equation. To this end, a
pressure point constraint was imposed at the top boundary to anchor the pressure
field, effectively serving as a localized numerical outlet that compensates for the
injected mass. It was also assumed that this artificial mass removal was located
sufficiently far from the main mixing region so that it would not significantly disturb

the jet-driven flow dynamics in the bulk.
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Figure 4: Schematic of the computational domain

The computational domain used for the numerical simulations is represented schemati-
cally in Fig. 4. Due to confidentiality agreements regarding the industrial facility, the
exact dimensions of the storage tank are withheld. Instead, the geometry is defined using
normalized parameters to accurately capture the flow dynamics. The tank is modeled
with a characteristic aspect ratio (H=D) of 0.514. The secondary diesel is introduced into
the system via a horizontal inlet nozzle. To replicate the proportional operating condi-
tions of the facility, this nozzle is positioned on the side wall at a normalized elevation
of h=H = 0:0766 from the bottom of the tank. All spatial coordinates are subsequently
normalized by the tank diameter (D) or total height (H) for the reporting of results.
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4 Numerical Modeling and Scaling

To assess the relative significance of the competing physical mechanisms, inertia, viscosity,
buoyancy, and diffusion, the governing equations are reformulated in a dimensionless
form. This methodology enables a systematic exploration of the different flow regimes
and facilitates the identification of the prevailing transport processes within the partially
filled tank at the VAROPreem facility.

4.1 Dimensionless Formulation and Governing Equations

Although the physical blending operations at the VAROPreem facility occur in a tur-
bulent flow regime, resolving the full spectrum of turbulent eddies in a domain of this
size is computationally heavy. To overcome this, a laminar solver was utilized, modified
with effective dimensionless parameters. By implementing an effective Reynolds number
(Reers) and an effective Péclet number (P egsf), the model was able to depict the faster
macroscopic mixing and momentum diffusion characteristic of a turbulent jet. This strat-
egy isolated the core kinematic behavior, reducing computational cost while maintaining

physical realism and allowing for a highly efficient parametric exploration.

The relationship between momentum and mass diffusion is governed by the Schmidt
number (Sc), which facilitates the definition of the Péclet number (Pe):

D
D;

(=)

Pe= =Re Sc (28)

In liquid-liquid systems such as diesel blending, Sc is typically large, leading to high Pe
values. This indicates that the transport process is strongly advection-dominated, where
concentration gradients remain sharp and molecular diffusion acts over much longer time
scales than convective transport. To transform the dimensional governing equations into

their dimensionless counterparts, the following reference scales and operators are utilized:

 Length Scale (D): The nozzle diameter (D) is chosen as the characteristic length,
as it dictates the initial jet width, the momentum flux, and the scale of the primary

vortices.

e Velocity Scale (U ): The average inlet velocity at the nozzle, providing a reference

for the convective strength of the jet.

e Time Scale (ty): The convective time scale, defined as ty = D=U, representing

the time required for a fluid element to traverse one characteristic length.
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e Operators: The dimensionless gradient is defined as ¥ = Dr, and the Laplacian

as 12 = D2F2.

e Concentration (€): A normalized scalar field where ¢ = 0 represents the resident

fluid and ¢ = 1 represents the pure injected diesel component.

Substituting these scales and the Strouhal number (St) into the conservation laws yields
the dimensionless system of partial differential equations solved within the COMSOL

Multiphysics environment:

r u=>0 (29)
St@—u +(u Nu= rP+ r’u+Ri ¢ j (30)
ot Reerr
@c
St@ +u rc=r (Dcrc) (31)
where J = (0; 1) represents the gravity unit vector. A summary of these primary

dimensionless groups is provided in Table 2.

Table 2: Summary of Dimensionless Parameters for Turbulent Fuel Blending

Parameter Definition Physical Significance

Reynolds Number (Re) ouD=" Ratio of inertial to viscous forces.

Richardson Number (Ri) —O%—? Ratio of buoyancy to inertial forces.

Schmidt Number (Sc) “=(Dy) Ratio of momentum to mass diffusivity.

Péclet Number (Pe) Re Sc Ratio of advective to diffusive transport.

Strouhal Number (St) D=(0ty) Ratio of convective to unsteady time scales.

Feed Time Ratio (S) treed:3p=treed2p  Scales the 2D simulations into the 3D real world storage |

By maintaining identical values for these dimensionless groups, the principle of dynamic
similarity is preserved. This ensures that the momentum transport, species mixing, and
stratification behaviors observed in the computational domain are directly scalable and

physically representative of the full-scale industrial tanks.

4.2 Boundary Conditions

Equally important is to define the computational domain to reflect the real tank geometry,

even though the Full-Tank Approximation is employed. In industrial practice, storage
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tanks are often operated at partial capacities (e.g., 20% fill level). However, as mentioned
before, resolving the transient interaction between the air-liquid interface and the liquid
bulk would computationally costly, without necessarily improving the resolution of the

internal mixing dynamics.

To make sure the system remains physically consistent with the incompressible continu-
ity equation (r u = 0) and the specified boundary conditions, the following setup is

implemented:

e Inlet (Bottom-Left): A Dirichlet boundary condition specifies the incoming jet:
u=(0;1)and c= 1.

e Tank Enclosure (Bottom and Sides): The outer boundaries, excluding the Top
boundary, are modeled as No-Slip Walls (u = 0). This enforces the condition that
the fluid velocity at the solid boundaries is zero. For the species transport equation,

these walls are treated as impermeable using a No-Flux condition (¥y¢c n = 0).

e Top Boundary (Free Surface): Because the injected fuels do not fill the tank
entirely, the liquid-air interface is modeled as a Slip Wall (u n = 0). This con-
dition allows the fluid to move freely along a non-deformable surface, providing a
frictionless approximation of the free surface while avoiding the high computational

cost of moving-mesh or multiphase interface tracking.

e Pressure Point Constraint: Because the domain is a fully enclosed, incompress-
ible volume with an inlet but no physical outlet, the pressure field is mathematically
defined only up to an additive constant. To resolve this ”floating pressure” issue, a
point constraint (P = 0) is implemented at the top-right corner. This datum allows
the PARDISO solver to calculate the relative pressure gradients driven by the jet’s
inertia and the buoyancy forces. It is important to clarify that this boundary condi-
tion serves purely as a mathematical datum for the PARDISO solver to anchor the

pressure field, rather than an actual sink where mass physically exits the domain.

4.3 Numerical Discretizations and Solver Strategy

The presence of high Péclet numbers (Pe 1) poses a significant numerical challenge, as
standard Galerkin finite element methods often produce non-physical oscillations (wig-
gles) near sharp concentration fronts. To ensure both stability and accuracy, a specialized

numerical strategy was adopted.

e Mesh Strategy: A non-uniform, unstructured mesh was utilized. Refined bound-
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ary layer elements were placed at the nozzle edges and tank walls to resolve high
velocity gradients. Furthermore, an asymmetric refinement was applied near the
bottom-left inlet to capture the evolution of the jet as it detaches from the wall and

begins to entrain the surrounding fluid.

Numerical Stabilization: Streamline Diffusion (SD) and Crosswind Diffusion
(CD) techniques were utilized. These methods add a controlled amount of artificial
diffusion in the direction of the flow to damp numerical instabilities while preserving

the physical gradients of the species transport field.

Linear Solver: The fully coupled system of equations was solved using the PAR-
DISO direct solver. This approach is more robust than iterative solvers for 2D
problems with point constraints, as it directly factors the sparse matrix, ensuring
convergence even in the presence of the stiff numerical terms introduced by the

pressure constraint.
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