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Abstract

The main motivation of this thesis is the analysis of turbulent flows. Turbulence
plays an important role in engineering applications due to the fact that most flows
in industrial equipment and surroundings are in turbulent regime. The thesis has
a double purpose and is divided in two main parts. The first one is focussed on
the basic and fundamental analysis of turbulence models. In the second part the
know-how acquired in the first part is applied to the study of air curtains.

Regarding to the first part, the principal difficulty of computing and modelling
turbulent flows resides in the dominance of nonlinear effects and the continuous and
wide spectrum of time and length scales. Therefore, the use of turbulence modelling
employing statistical techniques for high Reynolds numbers or complex geometries is
still necessary. In general, this modelization is based on time averaging of the Navier-
Stokes equations (this approach is known as Reynolds-Averaged Navier-Stokes Sim-
ulations, RANS). As consequence of the average new unknowns, so-called Reynolds
stresses, arise. Different approaches to evaluate them are: i) Differentially Reynolds
Stress Models (DRSM), ii) Explicit Algebraic Reynolds Stress Models (EARSM), and
iti) Eddy Viscosity Models (EVM).

Although EVM models assuming a linear relation between the turbulent stresses
and the mean rate of strain tensor are extensively used, they present various limi-
tations. In the last few years, with the even-increasing computational capacity, new
proposals to overcome many of these deficiencies have started to find their way. Thus,
algebraic or non-linear relations are used to determinate the Reynolds stress tensor
without introducing any additional differential equation.

Therefore, the first part of this thesis is devoted to the study of several EARSM
and EVM models involving linear and higher order terms in the constitutive relation
to evaluate turbulent stresses. Accuracy and numerical performance of these models
is tested in different flow configurations such as plane channel, backward facing step,
and both plane and round impinging jets. Special attention is paid to the verification
of the code and numerical solutions, and the validation of the mathematical models
used. In the impinging plane configuration, improvements of models using higher
order terms in the constitutive relation are limited. Whereas, in the rest of studied
cases these non-linear models show a reasonably good behavior.

Moreover, taken into account models convergence, robustness and predictive re-
alism observed in the analysis of these benchmark flows, some of them are selected
for the study of air curtains and their interaction with the environment where they
are placed. Air curtains are generally one or a set of vertical or horizontal plane jets
used as ambient separator of adjacent areas presenting different conditions. The jet
acts as a screen against energy losses/gains, moisture or mass exchanges between the
areas.
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Abstract

As was indicated before, the main purpose of the second part of this thesis is
to characterize in detail actual air curtains using both experimental and different
numerical approaches. Semi-empirical models to design air curtains are presented.
Then, an experimental set-up used to study air curtain discharge and jet downstream
is explained. Experimental measurements of velocity and temperature are shown. As
a result of the experiments carried out, an improved air curtain with a new design of
the discharge nozzle is obtained. Furthermore, air curtain experiments are numerically
reproduced and predictions validated against the experimental data acquired. Good
agreement between numerical and experimental results is observed.

Finally, systematic parametric studies of air curtains in heating and refrigeration
applications are done. Global energetic balances are specially considered together
with global parameters selected in order to evaluate air curtain performance. It is
found that discharge velocity, discharge angle and turbulence intensity of the jet are
the most sensitive parameters. Inadequate values for these variables can produce
undesirable effects and contribute to increase energy gains/losses.
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Chapter 1

Introduction

1.1 Prologue

Turbulence plays an important role in engineering applications due to the fact that
most flows in industrial equipment and surroundings are in turbulent regime. In
nature there are many situations where turbulent flows are present: smoke from
chimneys, rivers, waterfalls or buffeting of strong wind. In engineering applications
turbulent flows are prevailing. For example, they are found in impelling of liquids
or gases with pumps, compressors, pipe lines, etc. Flows around vehicles such as,
airplanes, automobiles, and ships are also turbulent. Moreover, the mixing of fuel and
air in engines and the mixing of the reactants in chemical reactors are in turbulent
regime [1].

Therefore, the motivation to study turbulent flows is the combination of three
factors: most of the flows are turbulent; mixing and transport of mass, momentum
and heat are important and desirable in many situations; and finally, turbulence
accelerates these processes.

Turbulent flows are transitory, highly diffusive, three-dimensional, irregular, seem-
ingly random and chaotic. Turbulence is a nonlinear phenomenon with a wide range
of spatial and temporal scales. Thus, the principal difficulty of computing and mod-
elling turbulent flows resides in the dominance of nonlinear effects and the continuous
and extensive spectrum of observed scales. The largest scales are generally deter-
mined by the geometry of the case studied, whereas the smallest scales are set by the
flow itself. Therefore, Direct Numerical Simulation (DNS) of these flows using full
three dimensional and time dependent integration of Navier-Stokes (NS) equations is
generally restricted to simple geometries and low Reynolds numbers due to the large
computational resources required to resolve all the scales. From simple dimensional
reasoning is possible to have an idea about the size of the smallest scales. If is assumed
that the Kolmogorov microscale (n) only depends on the fluid viscosity () and the
rate of dissipation of energy (¢), it can be defined as:

19



Chapter 1. Introduction

7= <—)/ (1)

A connection with flow Reynolds number can be made if some further assumptions are
made. Production can be taken equal to dissipation of energy for a flow in equilibrium.
The production can be assumed to scale as u3/L, where u is a reference bulk velocity
and L a length scale of the problem under consideration, normally associated to
the geometry studied. Both w and L are characteristic of the largest scales of the
turbulence. Thus:

% ~ Re 3/4 (1.2)

where Re = wL/v. Then, the number of grid points that is required in each direction
for a given simulation is proportional to L/n &~ Re3/4 (cost o< Re?). Furthermore, a
corresponding Kolmogorov micro-timescale for the smallest eddies (7) is given by:

r= (5)1/2 (1.3)

€

Therefore, the time step has to be selected in such a way that the smallest timescales
of turbulence are accurately computed [2]. Nevertheless, DNS of the NS-equations
suplies with data to study turbulence, including quantities that can not be accurately
measured experimentally. Thus, in the last decades Direct Numerical Simulation
of the Navier-Stokes equations has been made possible by the development of fast
computers, and the improvement of parallelization techniques. Consequently, DNS
has provided data that have been used for the development, calibration and validation
of turbulence models.

However, for high Reynolds numbers and/or complex geometries is necessary the
use of turbulence modelling using statistical techniques. This modelization can be
based on volume filtering (Large Eddy Simulation, LES) or time averaging (Reynolds-
Averaged Navier-Stokes Equations, RANS) of the NS-equations. Which is sufficient
and practical to describe most of the main characteristics of the fluid motions [1].
LES models are still too expensive for routine calculation because, even though the
smallest eddies are modelled, the large ones have to be solved in detail (3D and
unsteady). In LES only the energy-containing eddies are resolved, and the effects of
the unresolved modes are modelled.

To understand the basic idea of LES, suppose somebody wants to perform a DNS
but the grid that would be required exceeds the capacity of the available computer;
thus, a coarser grid is used. However, there is an interaction between the motions
on all scales, resolved and not resolved, so that the result for the large scales would
be wrong without taking into account the influence of the fine scales on the large
ones. This requires a so-called subgrid-scale model. Despite widespread academic use

20



1.1. Prologue

of LES, there are still few industrial LES calculations. After more than a decade in
which LES has been viewed as the route for by-passing turbulence model limitations,
it is still necessary to shown that industry is ready to invest its own resources, man-
power and computing to resolve, using LES, a relevant engineering problem. It due
to industry has taken advantage of increased computer power to model more realistic
geometries and complex physical processes rather than resorting to advanced turbu-
lence modelling. Therefore, the increases in computer power that make the LES of
simple industrial problems possible today, are used instead to analyze more and more
complex flows and geometries with RANS models [2].

RANS models solve the governing equations by modelling both large and small
eddies, taking a time-averaged of variables. Although this process eliminates the need
to completely resolve all scales of motion, its drawback is that unknown single-point,
higher correlations appear in both mean and turbulent equations. The need to model
these correlations is the well known “closure problem”. However, RANS technique is
a robust, friendly and relatively cost effective way to compute both mean flow and
turbulent stresses. In RANS exists three different levels to evaluate the Reynolds
stresses generated as consequence of the average process: i) Differentially Reynolds
Stress Models (DRSM), ii) Algebraic Reynolds Stress Models (ARSM) and iii) Eddy
Viscosity Models (EVM) [1].

DRSM provide the unknown second moments (turbulent stresses) by solving model
transport equations for these quantities. Hence, DRSMs have a reasoned physical
basis and treat some important turbulence interactions, primarily the stress genera-
tion, exactly. This allows capturing of evolution of the turbulent stress field and its
anisotropy. The potential of the DRSM, although long recognized, has so far neither
been fully explored nor exploited, mainly due to the persisting numerical difficulties,
and uncertainties in modelling some of the processes, such as pressure-redistribution.
Also, DRSMs do not always show superiority over EVM models. One reason for this
is that more terms need to be modelled. While, this offers an opportunity to capture
the physics of several turbulence interactions, the advantage may be lost if some of
the terms are modelled wrongly [2].

Algebraic stress models convert the differential equations used in DRSM models
into algebraic ones by assuming a weak equilibrium assumption. Finally, EVM models
couple turbulent stresses with RANS equations through a turbulent eddy viscosity
(velocity x length scale). In this last type of models, a hierarchy of closure schemes
exists, ranging from zero-equations to two equations models. In zero-equation models,
time and length turbulence scales are set by means of algebraic relations whereas, two-
equation EVMs calculate eddy viscosity by means of two more differential transport
equations: turbulent kinetic energy and some length scale determining equation.

In the context of two-equation models, both linear and non-linear eddy viscos-
ity models appear. The word forms “linear” and “non-linear” refer to the tensor
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Chapter 1. Introduction

representation used for the model. The linear models assume a Boussinesq relation
between turbulent stresses (second moments) and mean rate strain tensor by means of
an isotropic eddy viscosity. Non-linear models assume a higher-order tensor represen-
tation involving either powers of the mean velocity gradient tensor or combinations
of the mean strain rate and vorticity tensors [2].

Even though Two-Equation models using a linear relation are extensively used,
they present various limitations [3]. Instead, to overcome some of these deficiencies,
non-linear or algebraic stress models are used without introducing any additional
differential equation. This kind of models are capable of resolving Reynolds-stress
anisotropy, secondary motions, swirling, strong strain and curvature of stream-traces.
Also, they are thought to preserve computational economy and numerical robustness
of linear models [4]. Thus, the study of NLEVMs and EARSMs is interesting due to
they offer a solution between LEVMs and DRSMs, keeping some key aspects from both
formulations. The first ones with several limitations but with reduced computational
time. The last ones, more complex and with an increased computational cost.

For the reasons mentioned before, this thesis is mainly focussed in the numerical
modelling of turbulent flows based on RANS models. It is carried out by means of
a comparison of the different modelization levels, taking into account precision, level
of description, application range (generality) and computational cost. Specifically,
two-equation models (k — e and k — w) using a linear (linear Eddy Viscosity Model,
LEVM), non-linear (Nonlinear Eddy Viscosity Model, NLEVM) and algebraic (Ex-
plicit Algebraic Reynolds Stress Model, EARSM) relation for the calculation of the
turbulent stresses, are broadly studied.

To allow the integration of the equations near solid walls the approximation known
as low Reynolds number (LRN) is selected. This technique use damping functions to
permit the models to be used within the viscous near-wall region [1].

Once the models have been analyzed and their advantages and shortcomings de-
termined in benchmark flows, a selection of the models is carried out in order to apply
them in the study of air curtains and its interaction with the environment where they
are placed.

Air curtains are generally one or a set of vertical or horizontal plane jets used
as ambient separator of adjacent areas presenting different conditions. The jets act
as a screen against energy losses/gains, moisture or mass exchanges (smoke, dust,
insects,...) between the areas. Air curtains are specially appropriate for configurations
where solid barriers become unacceptable for practical, technical or safety reasons [5].
For instance, they are used in doorways or displays cabinets to reduce the penetration
of heat or contaminants through the opening, while permitting the passage of people
or vehicles.

Air curtains have been mainly studied by means of experimentation or designed
with simple mathematical models and only some numerical works have been carried
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1.2. Literature survey

out. Therefore, the present thesis takes a more comprehensive step toward under-
standing and quantification of all major parameters that affect the air curtain per-
formance, by the utilization of modern computational and experimental techniques
adopting a systematic approach [6].

1.2 Literature survey

In this section a brief summary of the state of the art in both RANS modelling and
air curtains is presented.

1.2.1 Low Reynolds number RANS models

The development of LRN models started at the beginning of 70s. Jones and Launder
[7] in 1972 proposed a k — e model based on the calculation of the eddy viscosity
through the numerical solution of transport equations for the turbulent kinetic energy
(k) and the turbulent kinetic energy dissipation (€). Their main contribution was to
make a modification to the model to allow its use in regions of low turbulent Reynolds
number. They stated that, to do a correct prediction of the flow within the viscosity
sublayer, the model should consider, viscous diffusion in the equations of k and e,
empirical functions have to be dependent of the turbulent Reynolds number, and that
it is necessary to include additional terms to take into account wall-near processes.
Many versions followed this original work, which have been specially focussed in the
improvement of the model performance in regions of low turbulent Reynolds number.

In 1985 Patel et al. [8] made a comprehensive revision of LRN models. They
included seven variations of the basic £ — ¢ model and the model by Wilcox and
Rubesin [3], in which instead of solving an equation for e, it is solved one for the
pseudo-vorticity or specific dissipation w. Patel et al. suggested the necessity of
improving damping function associated with the eddy viscosity, due to no one of the
models studied could reproduce adequately experimental results near solids walls.

Launder in 1988 [9], published a summary of the different methods used to cal-
culate heat transfer coefficients in the numerical simulation of turbulent flows. He
demonstrated that accuracy and applicability range of LRN models when a fine
enough grid is used near a solid wall were better than those obtained using wall
functions. He concluded that the research and advances in turbulence modelling goes
hand by hand with process velocity of computers.

Turbulence models using w as the length scale determining variable have been
gaining importance since 90s, because of their robustness and numerical stability.
In 1994, Wilcox [10] presented a model including transition terms, which improved
the performance of the model published in 80s near solid walls. After that, Menter
[11] proposed a zonal model that use a mix of Wilcox model and Jones and Launder
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Chapter 1. Introduction

model. This model solves w equation near solid walls and e equation far from them.
Good results were obtained with this model and it is still used in routine calculations.

Since DNS results were first obtained, a detailed knowledge of the viscous sublayer
has been possible. Therefore, a lot of attention has gone to the correct asymptotic
behavior of the turbulent variables in the regions near solid walls. In order to obtain
a reasonable distribution of turbulent variables in confined flows, an effort to avoid
dimensionless wall distance (y), expressed in terms of friction velocity (u., ), has been
done. Instead, Abe et al. [12] replaced this friction velocity with Kolmogorov velocity
scale, to improve results in flows with recirculation. Subsequents attempts with the
purpose of getting a correct near-wall e distribution have been done among others by
Golberg et al. [13] and Abe et al. [14]. However, it has not been possible to achieve
a model with a wide application range. Moreover, after different efforts to improve
LEVM performance, such as to model the pressure diffusion term for the & transport
equation carried out by Nagano and Shimida [15]; or introducing a modelled gradient
production term and the effect of production to dissipation into the sink term made
by Rodi and Mansour [16]; several well known anomalies still remain and these factors
limit the applicability of LEVMs in complex flows. Thus, the study of this kind of
models continues valid at the present time.

Then, to extend the applicability of EVMs the early work of Rivlin [17] and Lumley
[18] on a nonlinear relation appealed the similarities between the laminar flow of a non-
Newtonian fluid and the mean turbulent flow of a Newtonian fluid. They expressed
turbulent stresses as nonlinear polynomial functions of the mean velocity gradient
tensors [19]. However, it was until 1987 when Speziale [20] presented a quadratic
nonlinear model showing advantages of this kind of formulation. After, Thangham
and Speaziale [21] tested this model in a backward facing step configuration achieving
good results. Also, in 1987 Nisizima and Yoshizawa [22] obtained a quadratic non-
linear relation based on the Yoshizawa’s [23] direct interaction approximation model.
Furthermore, Myong and Kasagi [24] and Shi et al. [25] have also proposed quadratic
nonlinear k£ — ¢ models. Even though these models use similar expressions in the
stress-strain relation, the coefficients of their nonlinear terms are very different from
one to another due to each model has been optimized for different flow configurations.
Craft et al. [26] also presented a nonlinear model including terms up to third order.
Recently, Abe et al. [27] and Merci et al. [28] have proposed quadratic nonlinear
models with additional terms which depend on wall-direction indicators, and that
procure the correct behavior due to strong anisotropy in the near-wall region of the
Reynolds stresses. So then, this kind of models are not consolidated yet and their
benefits in different flow configurations are still under consideration [4].

As it was previously mentioned, there is another approach to build a NLEVM
based on the ARSM approach to find the coefficients of the nonlinear relation. The
first implicit ARSM model was developed by Rodi [29], who reduced the Reynolds
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stress transport equation to a simple algebraic equation, which describes turbulent
stresses as non-linear functions of the mean velocity gradients. Later, Pope [30] used
Cayley-Hamilton theorem in order to obtain an explicit expression for the turbulent
stresses. However, he was not able to provide the coefficients for three-dimensional
flows because of the complexity of the algebra involved. This approach is generally
known as explicit algebraic Reynolds stress model, EARSM, rather than NLEVM.
It was not until 90s, when Taulbee [31] and Gatski and Speziale [32] presented de-
tailed coefficients for the three dimensional relation form of Pope. However, these
authors considered an equilibrium between production and dissipation, and flow near
equilibrium condition, in their work. They also calibrated their models only for ho-
mogeneous or high Reynolds number flows. Later, in 2000 Wallin and Johansson [33]
developed a model for both compressible and incompressible three-dimensional flows,
where the production to dissipation ratio is obtained as a solution of a nonlinear
algebraic equation.

This literature survey suggests that there is still a necessity of testing LEVM,
NLEVM and EARSM models in a variety of different configurations in order to assess
their real capacities and shortcomings.

1.2.2 Air curtains

The study of air curtains has been present in the scientific literature since 60s. Thus,
the past research mostly relies on experimental work and simplified semi-analytical
solutions for jets. Although this research used simplistic formulations for air curtains,
its importance lies in identifying most parameters that affect air curtain performance,
e.g. turbulence intensity at the jet discharge as a boundary condition is a measure
of mixing enhancement; the more distance the air curtain travels provides more op-
portunities for the air curtain to widen; the width of air curtains provides the initial
length for the flow to move laterally, which also can enhance widening of the jet; the
velocity at the jet discharge specifies how much kinetic energy is available. These
parameters are crucial to understand air curtains performance.

One of the first works found is that by Hetsroni and Hall [34], who studied exper-
imentally air entrainment-spill mechanism across air curtains, and presented results
in terms of dimensionless ratios. They introduced analytical expressions to quantify
the heat transfer through the air curtain. Hayes and Stoecker [35, 36] presented a
comprehensive explanation of the different kind of pressure differences, which must
be taken into account in air curtains design. They considered in all their studies that
the building was sealed except for the opening doorway where the air curtain was
located, then presented analytical expressions and one example for the design of air
curtains.

Studies by Howell and Shiabata [37] revealed that the ratio of the opening height
(H) to the discharge width (w) and the jet velocity (V) affect the ”performance” of
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air curtains. They stated that there is a direct proportionality of heat transfer across
an air curtain to the discharge air velocity. Howell and Shiabata [37] also showed
that a higher turbulence intensity at the discharge accelerates the widening of the
jet, causing a higher heat transfer across the air curtain. They found that 75% of
the refrigeration load in an open vertical display case is a result of the warm air
entrainment across the air curtain.

Partyka [38] carried out an analytical study of flow impact region of two jets
to develop a mathematical model that yields data for the air curtain performance.
The theory permitted him to establish the quantitative influence of the jet prop-
erties and duct geometry on the pressure difference and to predict flow conditions.
He programmed resulting equations and presented some computed and experimental
results.

Faramarzi and Kemp [39] experimentally studied display cabinets. Their object
was to evaluate the performance of two models with respect to energy efficiency
and product temperature maintenance. They achieved the conclusion that the most
important loss is due to infiltration. Therefore, it is very important the correct design
of the air curtain to prevent it in display cases. In the same year, Faramarzi [40]
presented a discussion about the cooling load composition in an open display cabinet.

In the paper of Stribling et al. [41] is presented a two-dimensional computational
study with a commercial code of a vertical display. They found that this model could
be used in the design and optimization of such equipment but it needs further valida-
tion to be accepted as quantitatively accurate. Further application of computational
fluid dynamics (CFD) codes to air curtains has been inconclusive. They stated that
one should realize that CFD provides a numerical solution of the Navier-Stokes (NS)
equations. That it is mathematically known that there is not an unique solution for
these equations. So it is quite possible that a careless implementation of a boundary
condition (from a user or programmer) could propagate and yield inconsistent results.

Solliec et al. [42] studied the possibility of using air curtains to reduce transport
of contaminants and to explain how the mass transfer happens, thus showing the
interest to use such systems of containment to fight against olfactive harmful effects.
Pavageau et al. [5] experimented with different configurations of air curtains: air jet
tightness and double flux. Flow visualization and particle image velocimetry (PIV)
measurements were carried out. The main results were reported and recommendations
were drawn.

By the year 2001, Ge and Tassou [43] studied numerically an air curtain in a display
cabinet by means of finite differences technique, based on their results developed
correlations for the heat transfer across air curtains in refrigerated display cabinets.
He validated both models against experimental results. Also, in this year Kim et
al. [44] carried out a CFD 3D simulation, using the standard k& — e model, with
the purpose of analyzing indoor cooling/heating. The CFD study is coupled with
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a radiative analysis. Heating, ventilating and air-conditioning (HVAC) controlling
system in a room is also coupled to the CFD simulation. The loop feed backs the
outputs of the HVAC system control to the input boundary conditions of the CFD.
Furthermore, this method included a human model to evaluate the thermal comfort
environment.

Navaz et al. [45, 46] demonstrated that a marriage between the digital PIV exper-
imental technique and CFD simulation can be quite effective to study the flow field
characteristics and performance of the air curtain of an open vertical display case. The
PIV can calibrate the numerical technique after which the CFD code can be used for
parametric studies. They demonstrated that the validation of a CFD model with reli-
able and comprehensive experimental data is a pre-requisite for generating reasonable
results. Other example of the combination of CFD and experimental techniques was
presented by Foster et al. [47]. They used a CFD model of air movement through a
doorway, which was verified against laser Doppler anemometry (LDA) measurements.

One of the last analytical models found in the literature for the design of air cur-
tains was developed by Sirén [48, 49], who provided valuable information for the design
of vertically upwards-blowing air curtains. He presented a technical dimensioning of
an air curtain considering effects of building envelope and ventilation system, then
presented practical mathematical formulations for the dimensioning of air curtains.
The method was based on the momentum-of-momentum principle, which enables the
considerations of the jet impact point.

The effect of the Richardson and Reynolds numbers on the shape of the streamlines
representing the entrained air at the discharge grill of display cabinets has been studied
by Chen and Yuan [50] by means of CFD simulations. This work is valuable because
it quantified the effects of the Richardson number, Ri = % (ratio of Grashof to the
square of Reynolds number), on the entrainment of ambient air into the cold air jet.

In 2006 Navaz et al. [51] presented a work to address the effects of velocity profile
at the discharge air grill on the amount of entrained air into an open refrigerated
display case. The study was carried out using experimental (PIV and LDA) and
numerically by means of CFD simulations. They found that a skewed parabolic
profile with the peak shifted towards the inner section of the case generates the
minimum entrainment, and demonstrates that with simple changes to the geometry of
the discharge grill, a significant reduction in the entrainment rate could be achieved.

Finally, a couple of works dealing with air curtains placed in door openings to
separate two different ambient have been published. Foster et al. [52, 53] studied
the effectiveness of a commercially available air curtain at different jet velocities and
found the optimum jet velocity to give the maximum effectiveness. Then, compared
the experimental results with predictions from an analytical model and CFD simu-
lations. Moreover, Costa et al. [54] have studied numerically the influence of the
different dynamic and geometrical parameters on the sealing efficiency of a down
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ward-blowing air curtain device, which is installed between two contiguous room with
distinct ambient temperatures. Therefore, only stack effect was considered.

As it can be observed only few publications where air curtains are studied on a
door acting as ambient separator in a building have been found. Furthermore, no
one takes into account wind velocity. On the other hand, the rest of them restrict
their studies to display cabinets, where external air velocity is not an important
factor and the environment conditions can be easily determined, therefore, used in
numerical simulations and physical domain can be simplified to a 2D computational
domain. Also, it was only possible to find one paper that study the air curtain with
the environment influence together by means of fully 3D simulations. Furthermore, it
seems that the influence of important variables such as the turbulence model and the
grid used in the computations have not been studied in detail. Then, future works
should include these parameters and the combination of CFD 3D simulations with
advanced experimental techniques (PIV, LDA, hot-wire anemometry, etc.) to validate
the numerical results. These aspects are taken into account in this thesis.

1.3 Background

This thesis has been elaborated at the Heat and Mass Transfer Technological Center
(CTTC) of the Technical University of Catalonia (UPC). The research at the CTTC
is focussed on two main lines: i) mathematical formulation, numerical resolution
and experimental validation of heat and mass transfer phenomena. ii) application of
the acquired know-how from the basic studies mentioned to the thermal and fluid dy-
namic optimization of thermal system and equipment. Thus, a general flow modelling
software, known as DPC, has been developed [55].

In the first research line, CTTC has given special attention to the study of turbu-
lent flows. Two different research areas in this field have been specially considered,
LEVM RANS models and DNS. Then, this thesis constitutes an effort to widen the
spectra of turbulence RANS models available in the DPC code, by the inclusion and
testing of new NLEVM and EARSM RANS models. LEVM RANS models used in this
thesis to perform comparative studies, which have been previously implemented by an-
other CTTC researchers, can be found in different publications [56, 57, 58, 59, 60, 61]
and two PhD thesis [62, 63].

Furthermore, in the framework of applied research at CTTC, the second part of
this thesis is focussed on the study and analysis of air curtains. Thus, chapters 5 and
6 have been developed within two research European CRAFT projects [64, 65], and
one collaborative agreement between an air curtain manufacturer and CTTC.

Verification of numerical solutions using CFD has been considered as an relevant
aspect in order to produce reliable results. In order to determine numerical results
quality, a post-processing procedure has been implemented at the CTTC [66]. Thus,
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whenever is possible, solutions obtained are submitted to this process to estimate the
order of accuracy and the error band where the grid independent solution is expected
to be contained.

In order to reduce computational resources and to allow complex geometries to
be studied, a parallel multiblock algorithm using loosely coupled computers is used
[67, 68]. CTTC facilities includes a Beowulf cluster called Joan Francesc Fernandez
(JFF). Nowadays, it is formed by 125 CPUs with 100Gbytes of RAM and 7.25Tbytes
of disk space. Main contributions on parallel computing and multiblock techniques
are gathered in the PhD thesis of M. Soria [69] and J. Mora [70].

1.4 Thesis outline

This thesis has a double purpose. It is intended to test LEVM, NLEVM and EARSM
models in a variety of different configurations in order to assess their real capacities
and shortcomings. Then, accordingly to the results obtained, some models are selected
to be applied in the study of air curtain devices. Thus, in Chapter 2 is carried
out an introduction to the mathematical formulation used throughout this thesis.
Special attention is devoted to the turbulence modelling selected to simulate flows
in turbulence regime. Within this topic, the different possibilities to study turbulent
flows are briefly summarized. Since, RANS modelling is selected in this thesis the
explanation is centered on it. Furthermore, discretization of the governing equations,
computational methodology details, verification tools and solvers used in this thesis
are also introduced in Chapter 2.

The aim of Chapter 3 is to study the adequacy of different RANS models in terms
of accuracy and numerical performance in the description of three different turbulent
internal forced convection flows, i.e. plane channel, backward facing step, and confined
impinging slot jet. Within RANS modelization, linear and non-linear eddy-viscosity
models and explicit algebraic models are explored. A comparison of the suitability of
different two-equation platforms such as k — € and k — w is also carried out.

In Chapter 4 this work is extended to studying numerical performance and ac-
curacy of models when they are used in the simulation of both, plane and round
impinging jets. With this purpose, results from numerical simulations using differ-
ent models, are compared among them and with experimental data available in the
literature.

Once capabilities of the models are assessed. The work is centred in the use of
them to study air curtains. Therefore, the main purpose of Chapter 5 is to present an
introduction to air curtains. Different approaches are explained. At the beginning,
semi-empirical models developed to design air curtains are shown. After, an experi-
mental setup used in the study of air curtain discharge and downstream jet produced
is explained. Thus, measurements of different air curtian prototypes are presented
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in order to characterize the air-curtain fluid-dynamic and thermal fields. Finally, air
curtains are simulated using CFD and the code is validated using experimental data
acquired.

After code validation and air curtains physics understanding is accomplished, in
Chapter 6 a set of numerical studies to test air-curtains is carried out. Thus, system-
atic parametric studies are performed, providing conclusions about the influence on
the air-curtain behavior of the air curtain location, discharge velocity, discharge angle,
and discharge temperature. Applications to both, air conditioning and refrigeration
are numerically studied.

Finally, a chapter with conclusions is included to present the main achievements
and limitations of the work carried out in this thesis. Future actions in both areas
turbulence modelling and air curtain research are also suggested. Moreover, a list
of the main publications carried out in the context of this thesis can be found in
Appendix B.
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