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ABSTRACT

Fluid flow across openings in buildings arises due to buoyancy forces caused by indoor-
outdoor temperature differences, wind effects; and pressure gradients. These flows often
lead to undesirable transport of heat, mass, contaminants, and pollutants, posing a chal-
lenge to maintaining energy-efficient, clean, and comfortable indoor environments. Heating
Ventilation and Air-Conditioning (HVAC) systems are therefore forced to work harder to
compensate for this unregulated exchange, resulting in increased energy consumption. One
effective mitigation strategy is the use of air curtain devices (ACDs) installed on doorways,
which generate a high-momentum jet that acts as an aerodynamic separation barrier and
suppress the buoyancy-driven exchange while allowing uninterrupted passage through them.
ACDs have been deployed in various configurations, including vertical, horizontal, twin-jet,
and recirculating designs, depending on functional needs. Their performance depends on
the balance between jet momentum flux and opposing buoyancy forces, captured by a non-
dimensional parameter called the deflection modulus, D,,. For an optimally designed ACD,
the jet inhibits gravity currents which are horizontal intrusions of buoyant fluid driven by
the density difference. However, if the jet momentum is insufficient, the curtain becomes

unstable, reducing its sealing effectiveness.

The present study aims to provide a deeper understanding of the flow physics governing
a vertically blowing air curtain. The primary objective is to investigate the interaction

between the plane jet and the opposing gravity current, examining how their interplay

vii
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affects the stability, dynamics, and overall effectiveness of the curtain. The influence of
buoyancy is analyzed through comparisons with non-buoyant jets and turbulent fountains.
We also assess the impact of assistive buoyancy, which is introduced by using a denser
curtain fluid, on suppressing fluid infiltration. Finally, the study investigates the transport
pathways through which outdoor fluid enters the indoor space, even when an air curtain is
in place. These insights aim to explain the mechanisms that limit sealing performance and
identify the operating conditions under which aerodynamic sealing can approach its ideal

behavior.

The present study employs a combination of computational and experimental methods to
investigate the dynamics of vertically blowing ACDs. Numerically, both Reynolds-averaged
Navier-Stokes (RANS) and large-eddy simulation (LES) approaches are used to obtain spa-
tiotemporal distributions of velocity and density fields, with LES performed using the high-
fidelity in-house solver SOMAR for enhanced accuracy. Experimentally, time-resolved par-
ticle image velocimetry (PIV) is conducted in a refractive index-matched setup to capture
temporal velocity fields. These measurements are complemented by planar flow visualiza-
tions using dye injection for qualitative assessment, and by bulk density and conductivity
measurements before and after each trial to accurately quantify sealing effectiveness. Addi-
tionally, a reduced-order analytical model is developed to predict jet deflection and velocity
characteristics, which are compared with the numerical data. Together, these methods offer
a synergetic approach to thoroughly investigate the factors governing air curtain perfor-

mance and the associated fluid transport mechanisms.
The results from this study provide a detailed analysis of air curtain behavior across var-
ious operating conditions, highlighting the critical role of deflection modulus, D,,, in deter-

mining flow stability and sealing performance. For neutrally buoyant air curtains (NBACs),
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where curtain density matches the indoor environment, experimental observations and LES
results confirm that the sealing effectiveness, E, is significantly low for unstable ACDs (D,, 5
0.1) and achieves a maximum value in the vicinity of D,, ~ 0.2 when the curtain becomes
stable. LES predictions show strong agreement with experimental values, unlike RANS,
which under-predicts effectiveness due to its inherent averaging. When assisting buoyancy
is introduced using denser curtain fluids, termed heavy air curtains (HACs), infiltration of
outdoor fluid reduces by nearly 25% at moderate values of D,,. Dynamically similar lab-
oratory experiments, employing sugar solution as curtain fluid and salt- and freshwater as
outdoor and indoor analogs, confirm that assistive buoyancy improves performance, achiev-
ing sealing effectiveness up to 0.85. The transport mechanisms associated with the fluid
which contributes to this 15% exchange and infiltrates into the indoor region through the
air curtain is still not very well understood. To address this, the present study adopts a
Lagrangian particle tracking method which examines the trajectories of fluid particles that
migrate from the outdoor region to the indoor space. Results indicate that even under the
established conditions when an ACD completely inhibits the gravity current, fluid particles
are entrained into the air curtain jet and subsequently penetrate the indoor environment

after impingement on the floor.

The statistical characteristics of air curtains is examined through direct comparison with
non-buoyant plane jets and turbulent fountains. At moderate values of D,,, air curtains ex-
hibit significant inclination from the vertical, resulting in distinct temporal flow evolution
in indoor and outdoor regions due to buoyancy effects. Ensemble-averaged data from PIV
measurements and high-fidelity LES computations reveal that ACDs exhibit asymmetric
lateral spreading, particularly toward the buoyant (outdoor) side, as a consequence of jet

interaction with lateral density stratification. This asymmetry is also evident in the tur-
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bulence statistics, leading to deviations from the self-similar behavior typically observed in
plane turbulent jets. Laboratory measurements and numerical data coherently suggests that
the decay rate of centreline velocity (K ), and the spreading rate of halfwidth (Kj) of air
curtains are higher as compared to non-buoyant jets. For fountains developing in a uniform
ambient, Ky and Ky are found to be negatively correlated with the source Froude number,
Frq. Furthermore, integral estimations of volume and momentum fluxes reveal that en-
trainment coefficients for ACDs increase by up to 20%, compared to configurations without
lateral density differences. Whereas for the high-Fry fountains, the fluid entrainment is

similar to a non-buoyant jet.

In conclusion, this thesis presents a comprehensive analysis of air curtain dynamics
under realistic buoyancy influences, integrating experimental observations with high-fidelity
simulations to evaluate sealing effectiveness and characterize fluid transport. Novel insights
into the general structure of air curtains and turbulent line fountains, including their velocity
statistics and entrainment characteristics, are presented. To further advance this work,
future studies could investigate the time-resolved evolution of instantaneous fluid transport
across the turbulent/non-turbulent interface (TNTI), as well as the development of fluid
instabilities on either side of the air curtain jet arising from the interaction of fluids with

differing densities.
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