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Abstract:

This thesis investigates buoyancy-driven ow
through a naturally ventilated compartment
opening using a combination of reduced-scale re
experiments and numerical simulations.

A 1.5 reduced-scale 1SO 9705 compartment was
constructed. The experiments used a propane-
fueled burner with a target heat release rate
of 50 kW. Gas temperatures inside the com-
partment, opening temperatures, and opening
velocities were measured to characterize the ow
and thermal strati cation. Two experimental
repetitions were made to evaluate repeatability.

The experimental con guration were subse-
quently replicated in FDS to evaluate the
in uence of numerical parameters on the results
and to compare against experimentally measured
data. The comparison indicated that FDS gen-
erally reproduced the overall ow structure and
location of the neutral plane, but consistently
underpredicted the temperatures and velocities
to a lesser degree.

Buoynacy-driven scaling relations were examined
by comparing the reduced-scale model results to
corresponding full-scale model results. Froude
scaling reproduced the general ow structure and
thermal strati cation. However, some quantita-
tive di erences remained, showcasing the limita-
tions of partial scaling.




Preface

Reading Guide

The report consists of a main document supported by supplementary appendices. References to the
appendices are included throughout the report to indicate where more detailed descriptions, data, or
calculations can be found.

References to external sources are formatted according to the Harvard referencing style, where citations
are given in the text as [surname, year], and the bibliography is arranged alphabetically according to
the surname of the first author. Standards, regulations, guidelines and similar documents are cited using
their designated document identifier where appropriate. Full details of each source are provided in the

bibliography, including the author, title, publisher, publication year, and URL where applicable.

The thesis was initially motivated by the practical challenge of reducing computational time in computa-
tional fluid dynamics (CFD) simulations of natural smoke ventilated large enclosures, e.g. atria, storage
facilities, warehouses. In particular, the original objective was to investigate whether coarse mesh resolu-
tions and correction factors for under-resolved ventilation openings could provide acceptable prediction

accuracy while reducing computational cost.

To establish the theoretical foundation for this work, a literature study was conducted on enclosure typol-
ogy, mesh resolution requirements, smoke movement, and other parameters influencing flow and smoke
filling in large enclosures, which is briefly described in the literature study in section 3.2.

As part of this work, reduced-scale experiments were initially intended primarily as validation data for

numerical simulations in Fire Dynamics Simulator.

Although the experimental configuration was geometrically simple, the flow physics in compartment fires
were highly complex. The fire generates a buoyancy-driven flow, thermal stratification, bi-directional flow
through the opening via the pressure-driven exchange between the compartment and the surroundings.
Reproducing experimental behavior in CFD simulations was not trivial, despite the simplicity of the

compartment.

However, during the literature study and preliminary numerical replication of the experimental campaign,
it became evident that the numerical behavior of reduced-scale compartment fire represented a broader
and more fundamental research problem than originally anticipated. The influence of numerical param-
eters such as mesh resolution and turbulence modeling on buoyancy-driven compartment and opening

flow emerged as a significant topic of investigation in itself for reduced-scale simulations.

As a result, the focus of the thesis evolved from the development of correction factors towards a more
comprehensive experimental and numerical investigation of buoyancy-driven flow in reduced-scale com-
partment fires. The thesis therefore combines reduced-scale fire experiments with CFD simulations to

examine how numerical modeling choices influence the prediction of flow behavior and smoke movement
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and to provide insight into challenges and considerations associated with reduced-scale fire modeling.

Additional Information Regarding the Supervisory Team

At the outset of the thesis, Rasmus Lund Jensen, Associate Professor at Aalborg University (AAU),
served as the main supervisor. Later in the project, Henrik Brohus, also Associate Professor at AAU,
assumed the role of main supervisor, while Rasmus Lund Jensen continued as co-supervisor.

Martin Veit acted as the external supervisor and is currently a PhD student at FRISSBE, Slovenia, where
the experimental campaign of this study was conducted.

Kim Sgrensen served as the industry contact from SafeDesign and provided support regarding the CFD
work. In addition to technical discussions and guidance, SafeDesign contributed resources in the form of

time for sparring and access to computational capacity used for the numerical simulations.

Use of Al tools

Al-based language tools have been used in the preparation of this report for assistance with spelling,
grammar, translation, and improving readability and overall text flow. In addition, such tools have been
used to assist in refining scripts for data processing and visualization (e.g., graphs).

These tools have only been used as supportive aids, while the scientific content, methodology, analysis,

and conclusions presented in this thesis are the author’s own work.
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. ___________________________________________| Chapter 1 . ___________________________________________|

Introduction

Smoke movement is one of the primary hazards during building res, as the transport of heat and smoke
can rapidly reduce tenability conditions and obstruct evacuation routes. The behavior of smoke and air-
ow inside enclosures are governed by interaction between the heat release rate, buoyancy, temperature
gradients, plume entrainment, ventilation conditions and enclosure geometry and the ventilation perfor-
mance depends strongly on these, aerodynamic opening area and the pressure di erentials created.[Klote
and Milke, 2002]

As a re develops within a compartment, the resulting thermal expansion and density di erences be-
tween the hot gases inside the enclosure and the surrounding ambient air generate pressure di erences
across ventilation openings. These pressure di erences subsequently govern the exchange ow through
the opening and therefore the overall smoke movement within the compartment.

For a single-sided opening the pressure di erence creates a bi-directional ow, where hot gas and smoke
exits through the upper region while cooler replacement air enters through the lower region. This can
strongly in uence ame behavior and temperature distribution and overall re development.

Understanding these phenomena is important within performance-based re safety engineering, where
Computational Fluid Dynamics (CFD) methods are increasingly used to evaluate re scenarios that can-
not be assessed using prescriptive design approaches.

Among the available CFD tools, Fire Dynamics Simulator (FDS), developed by the National Institute of
Standards and Technology (NIST), is one of the most widely applied software packages for re-related
simulations. FDS is speci cally developed for low-speed, buoyancy-driven re ows, and is used to
investigate smoke spread, plume development, ventilation performance and thermal conditions in enclo-
sures.[McGrattan et al., 2025]

As with any numerical simulation tool, FDS is not fully representative of reality. The reliability of any
simulation tool is strongly dependent on numerical setup and model assumptions. For CFD, parameters
such as grid resolution, turbulence treatment and boundary conditions can signi cantly in uence the
results. In naturally ventilated enclosures this can prove itself important, due to relatively small changes
in pressure balance or ow behavior may alter smoke and ow movement.[McGrattan et al., 2019]

Experimental validation remains important to help assess reliability of CFD simulations. This is done
by comparing experimental data to a numerical replication of the experiment to see how well the results
align. Fire experiments provide controlled and experimentally reproducible conditions and empirical
results, where temperature distributions, ow behavior, and ventilation characteristics can be analyzed
and compared against these numerical predictions. This thesis presents an experimental and numerical
investigation of buoyancy-driven smoke ventilation in a reduced-scale compartment re. Full-scale ISO
9705 room [ISO, 2016] was reduced to a 1:5 scale con guration and experiment were conducted using
a propane-fueled burner. Scaling down the con guration introduces some changes to the physics that



should be carefully considered, as it is impossible to preserve all relevant dimensionless numbers simulta-
neously. Nevertheless, reduced-scale o ers practical advantages and requires less resources and space to
create the setup. Gas temperature inside the compartment, opening temperatures and opening velocities
were measured to characterize the thermal and ow behavior within the compartment and in the opening.

The experiment were subsequently replicated numerically in FDS, to evaluate di erent numerical pa-
rameters in uence on the predicted ow and thermal conditions. In addition, scaling relations relevant
to buoyancy-driven re were examined to compare results of a re-scaling back to full-scale ISO 9705 room.

The work presented in this thesis combines experimental measurements and numerical simulations to
improve the understanding of buoyancy-driven compartment ow behavior and to assess how numerical
modeling choices in FDS in uenced the predicted compartment ow behavior.



s Chapter 2

Initiating problem

In performance-based re safety engineering, numerical simulation tools have become increasingly im-
portant for analyzing re development, smoke movement, and the e ectiveness of active and passive re
protection measures. In large enclosures such as atria, industrial buildings and storage facilities, smoke
movement is often governed by buoyancy, ventilation, and building geometry. Reliable prediction of these
phenomena is therefore essential for the design of smoke control systems.

To predict these phenomena CFD has become a widely used tool due to its ability to resolve detailed
ow and temperature elds. One of the most commonly used CFD tools in re safety engineering is
Fire Dynamics Simulator (FDS). In FDS, the computational domain is divided into discrete cells, where
smaller cell sizes generally improve the resolution of ow structures. Nevertheless, reducing the mesh size
signi cantly increases the total number of computational cells, resulting in longer simulation times and
increased computational demand. For large-scale or naturally ventilated re scenarios, this can lead to
impractical simulation times. In naturally ventilated compartments, the prediction of smoke movement is
highly dependent on the accurate representation of the openings and this challenge becomes particularly
signi cant when modeling these natural ventilation openings, as these have to be discretized with nine
computational cells in each dimension to fully capture the 'vena contracta' phenomena, according to the
danish building code.[Social- og Boligstyrelsen, 2018]

The initiating motivation of the thesis was therefore to investigate whether computational time could be
reduced while still maintaining acceptable prediction accuracy through the use of correction factors for
under-resolved ventilation openings.
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Problem analysis

3.1 Software Packages

Several software packages are available for modeling re and smoke movement. General-purpose CFD
solvers such as ANSYS Fluent, OpenFOAM and Star-CCM+ can be con gured for re scenarios, but
doing so typically requires extensive customization of combustion models, radiation schemes, boundary
conditions and material properties. In contrast, the Fire Dynamics Simulator (FDS), developed by the
National Institute of Standards and Technology (NIST) in the United States, is speci cally designed for
re-related CFD applications. FDS incorporates combustion chemistry, radiative heat transfer, smoke
production and buoyancy-driven ow within a uni ed framework, making it one of the most widely used
tools for performance-based re engineering both in Denmark and internationally. The popularity of
FDS arises from its balance between physical delity and computational feasibility, but this balance is
achieved through a number of fundamental simpli cations, which will be further discussed in chapter 7.
FDS will be the primary software of choice for this thesis.

3.2 Prior Studies on Smoke Dynamics in Atria

In [Lei et al., 2024], a combination of reduced-scale re experiments and CFD simulations was con-
ducted to investigate smoke control performance in an atrium con guration. The study provides a well-
documented experimental and numerical setup that serves as a useful reference for similar CFD model
development. The physical experiments in the study were performed in a 1 : 5 scaled atrium measuring
4 4 4 m, corresponding to a full-scale geometry of 20 20 20 m. A partial scaling was done which
followed the Froude similarity principles, as described in [Quintiere, 2006], to ensure dynamic similarity
of buoyancy-driven ows between model and prototype. The re source consisted of a gasoline pool re
(0:2 0:2 0:2 m), corresponding to a full-scale heat release rate of 4 MW, veri ed using the mass loss
method. Furthermore, the numerical model was implemented in FDS as a full-scale representation of
the experimental con guration. Turbulence was modeled using Large Eddy Simulation (LES), which is
one option for turbulence modeling, with a Smagorinsky constant of 0.18, while the turbulent Prandtl
and Schmidt numbers were set to 0.2 and 0.5, respectively. The mesh resolution was determined based
on the characteristic re diameter D , and a mesh sensitivity study was conducted. A grid size, for the
reduced-scale model, of 0.25 m was selected as optimal in terms of accuracy and computational time,
providing results within recommended validation ranges. Maximum deviations were approximately 11%
for temperature and 9% for smoke layer height, which were considered acceptable given the complexity
of the ow.

The study by [Guterrez Montes et al., 2009] provides an overview of re and smoke dynamics in atria and
highlights that ow behaviour in large enclosures di ers fundamentally from that in ordinary building
spaces. Smoke development in atria is governed by buoyancy-driven plume rise, ceiling jet formation,
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and smoke layer interaction with the surrounding geometry, resulting in complex three-dimensional ow
patterns.

The authors emphasize that zone-based assumptions are often insu cient for atrium re analysis, as
smoke strati cation is rarely characterized by two clearly de ned homogeneous layers. This limitation
supports the use of CFD modeling, which can resolve local velocity and temperature elds throughout
the enclosure.

The study further shows that atrium typology signi cantly in uences ow behaviour, particularly depend-

ing on the degree of communication between the atrium and adjacent spaces. This geometric interaction
a ects plume development, smoke spread, and ventilation performance.

Natural ventilation in atria is driven by buoyancy-induced pressure di erences. Depending on the ther-
mal conditions and opening con guration, both unidirectional and bidirectional ow through openings
may occur. The e ectiveness of natural smoke ventilation therefore depends strongly on opening size,
placement, and the resulting pressure balance. Heat losses to surrounding surfaces may weaken buoyancy
forces and alter ow patterns, particularly in tall atria with large surface areas.

The study by [Fang et al., 2007] presents experimental and numerical investigations of smoke movement
and smoke control in atria, focusing on the in uence of geometry, re location, and ventilation strategy
on smoke lling and plume development and smoke layer stability.

Atria were classi ed into three primary geometric categories - cubic, at, and high - based on the height-
to-width ratio. The geometric aspect ratio was shown to signi cantly a ect plume behaviour and smoke
layer stability. Low aspect ratio con gurations (tall and narrow atria) promote narrow, relatively stable
plumes with limited entrainment, whereas high aspect ratio con gurations (short and wide atria) lead to
increased entrainment and more rapid smoke lling.

Di erent plume con gurations were analyzed, including antisymmetric, wall-attached, corner, and bal-
cony spill plumes. Experimental results demonstrated that wall and corner plumes exhibit reduced mass
entrainment compared to free-standing plumes, with entrainment coe cients of approximately 64% and
48%, respectively. The reduced entrainment leads to higher plume temperatures.

3.3 Considerations and Research Motivation

The reviewed studies demonstrate relevant examples and problems for the investigation of smoke move-
ment and natural smoke ventilation in enclosures and atria. The reviewed studies further shows that
FDS is capable of reproducing important re-driven ow phenomena when the numerical setup is appro-
priately de ned.

Although previous studies have successfully applied reduced-scale experiments for investigation of smoke
movement and natural ventilation, the scales used are often considerably larger than the present con g-
uration. For example, the atrium study by [Lei et al., 2024] employed a 1 : 5 reduced-scale model with
dimensions of 4 4 4 m, whereas the reduced-scale compartment investigated in this thesisisa 1:5
reduced-scale model of ISO 9705 room [ISO, 2016] and has dimensions of20 0:48 0:48 m. This is

of interest because the signi cantly smaller dimensions may in uence the development of turbulent ow
structures and consequently the resulting ow behavior.

At very small scales, additional considerations arise regarding similarity, instrumentation and numerical
representation. The relative in uence of wall heat losses, leakages, sensor obstruction and geometric
simpli cations may become more signi cant compared to larger-scale con gurations. The applicability of
reduced-scale compartment experiments for validation of CFD predictions may therefore require careful



consideration of both physical scaling principles and numerical modeling limitations.

The numerical representation of buoyancy-driven ow in FDS also introduces several considerations re-
lated to mesh resolution and turbulence modeling. Fire-driven ows contain large turbulent structures,
strong temperature gradients and complex entrainment behaviour, all of which may be inuenced by
numerical di usion and spatial discretization. Changes in mesh resolution may therefore alter predicted
plume behaviour, pressure balance, temperature strati cation and opening ow conditions.

Based on these considerations, the following problem statement is formulated.
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Problem statement

The prediction of smoke movement and ow behavior in compartment res is highly dependent on the
ability of numerical models to accurately reproduce buoyancy-driven ow phenomena. Experimental
validation is therefore necessary to assess the reliability of numerical prediction and understand how
modeling assumptions in uence the simulated behavior of compartment res.

The thesis focuses on

~ Characterization of temperature strati cation and bi-directional opening ow in a compartment
re
experimental measurements from thermocouples positioned inside the compartment and across
the opening, together with bi-directional velocity probes located at the opening, are used to
evaluate the thermal and ow structure.

" Evaluation of experimental repeatability and uncertainties.

this is assessed through repeated experimental cases and comparison of measurements. Uncer-
tainties are evaluated through analysis of experimental variations, instrument precision and
potential sources of errors.

" Numerical reproduction of the experimental con guration

this is carried out through CFD simulations in FDS, where the numerical setup is designed to
replicate the experimental compartment geometry, boundary conditions and re source.

"~ Investigation of the in uence of mesh resolution on re and ow behavior

this is examined by comparing simulations with di erent mesh resolutions and evaluating their
in uence on predicted temperatures and ventilation ow behavior.

~ Comparison of di erent LES-based turbulence approaches in FDS

this is examined through comparison of predicted temperature distributions and opening ow
behavior between the di erent turbulence approaches and visual examinations of the output.

~ Examination of relevant scaling relations

this is investigated by comparing reduced-scale experimental and numerical results with theo-
retical scaling approaches for buoyancy-driven compartment res, including assessment of the
applicability of re-scaling the reduced-scale con guration back to a full-scale compartment.

Since reduced-scale models are practical and economically viable, the overall objective is to evaluate how
well FDS can reproduce buoyancy-driven smoke ventilation behavior in reduced-scale compartment res,
and how sensitive are the predictions to numerical resolution and turbulence treatment.

Furthermore, examine the applicability of reduced-scale models in re engineering.
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Experimental Setup and Execution



Chapter 5

Experimental Design and Methodology

5.1 Experimental setup and equipment

The purpose of this section is to provide an understanding of the experimental setup, materials and the
equipment used during the experimental campaign at FRISSBE ZAG, Logatec, Slovenia.

5.1.1 Test compartment

Using ISO 9705 Room Corner Fire Test with the dimensions m 2:4m 2:4m (length width height),
a 1:5 scale room model was constructed.[ISO, 2016]

Description of the compartment

The compartment is built on a steel frame with a burner with dimensions 6 m 0:3m (length  width
was placed at the bottom, as seen in Figure 5.1.

Figure 5.1  Right side perspective of the steel frame of the compartment with the burner at the bot-
tom.[Jyothivas and Khan]

The internal dimensions of the compartment are 072m 0:48m 0:48m (length width  height).
The internal lining of the walls and roof were constructed using 20 mm PROMATECT" -H boards.
PROMATECT ' -H was also used to cover the oor area around the burner. The compartment was in-
sulated externally using 50 mm Rockwool HARDROCK MAX.

An opening was made in the front of the compartment. The opening dimensions are:06m 0:4m. The
dimensions and SketchUp drawing are shown in Figure 5.2a through 5.2c.



(a) Internal dimensions of 1:5 scale compartment.

(b) Isometric 3D view of compartment in SketchUp. (c) Side 3D view of compartment in SketchUp.

Figure 5.2  Viszualization of scale compartment.[Jyothivas and Khan]

Photographs of the compartment can be seen in Figure 5.3.
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