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Abstract: Ever since the field of Fire Safety Engineering first came into existence, 
small-scale (model scale) fire tests were the source of much valuable information about the 
phenomena occurring during combustion. Over the years, several computational methods to 
determine the criteria for the similarity of fires on both a real and small geometric scale 
have been developed. The purpose of this article is to present a method of performing fire 
tests on a model scale using the Froude number. The basics of scaling, similarity conditions 
that must be preserved, ways of describing fire phenomena, as well as methods of 
calculating fire parameters from the real and model scale have been discussed. An example 
of physical tests with the use of reduced research models is also presented. What is 
particularly emphasized is how important these types of experiments are and what 
responsibility rests with the people who carry them ouvol. The motivation to conduct 
research is the safety of people who reside in buildings with fire protection based on model 
scale test. 
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1. Introduction 

Fire is an uncontrolled phenomenon during which large amounts of heat are emitted, 
together with the production of toxic combustion products. Although this phenomenon has 
been the subject of research for many years, the scientists dealing with this issue are yet to 
fully comprehend the complexity of the combustion process. The continuous development 
of new materials used in everyday life, as well as other ways to use those already known 
further deepen this gap. 

The constant need to update data requires the development of new fire experiments as 
well as the re-execution of those already carried ouvol. This approach also allows the 
validation of results already obtained using more accurate research methods [1], [2]. 
Undoubtedly, the best way to determine the course of combustion and the flow of smoke in 
a particular building would be to build it and then burn it completely - although even this 
does not guarantee success due to the lack of control over the ambient conditions (wind, 
temperature, humidity). Interestingly, real-scale (1: 1) fire experiments were and are still 
being carried out [3], [4]. Currently, however, fire tests on a 1: 1 scale are more often 
carried out for a specific element of interior design or furnishings, such as a desk, sofa or 
chairs [5]. The results obtained from individual experiments may bring us closer to real 
fires, but they do not provide a complete solution. Knowledge of the physical aspects of 
smoke flow (mass and heat) can be extremely helpful in determining the conditions in a 
building, for example during evacuation. The execution of this type tests for objects with a 
unique distribution and accessories is virtually impossible. Therefore, model scale research 
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is used for such purposes. They allow to perform many variants of a given test with a few 
repetitions at a lower expenditure of time and financial resources [6]. Model scale studies 
do not have to be limited to one small model. Known cases of building a group of a dozen 
or so houses (on a scale of 1: 3) to assess whether the fire will actually spread between 
buildings, as the theory assumes [7], appear in the literature on the subjects. 

Other studies involved building a train model on a 1: 2 scale. The effects of interior 
finish, number of windows or location of the stimulus initiating combustion were checked. 
Another method of approximating the conditions that may occur during a real fire are 
computer simulations [8], [9]. Nowadays, thanks to the almost unlimited access to 
significant computing power, the popularity of computational fluid dynamics (CFD) 
calculations is increasing. It is extremely important that these applications correspond to 
reality. Model scale fire tests are also performed to validate and verify these types of 
programs. 

But how to relate the results obtained from the model scale test to reality? After years 
of research by scientists in the field of Fire Safety Engineering (IBP), methods of scaling 
and converting results from the model scale to the real scale have been developed [10]. This 
article focuses on approximating the methodology of scaling a physical fire modeling using 
the Froude number. 

2. Basics of scaling 

The complexity of the phenomenon of fire is still not fully understood. Currently, 
many analytical and computer methods for determining the combustion process are known. 
Still, full-scale physical tests are still the best and most reliable source of information. It is 
thanks to such research that new ones can be created, and the mathematical combustion 
equations used in popular computer models can be validated and verified [11], [12]. Despite 
the unquestionable advantages, conducting such an experiment requires a huge amount of 
time and money. Therefore, since the 1960s, in the field of Fire Safety Engineering in 
Poland and in the world, the methodology of testing on a model scale has been developing. 

Conducting tests on a smaller scale is characterized by lower expenditure both in time 
and finances in relation to the real scale (1: 1). In that, it is possible to check how a given 
phenomenon would take place in an existing building object unavailable for such purposes. 
With the right amount of free space, materials and knowledge about the theory of scaling, a 
model of any building (e.g. warehouse, shopping mall), structure (e.g. road / railway tunnel) 
or any other space (e.g. forest) can be created and experiments can be conducted. With 
current tests comparing the results of tests on a scale model with the actual scale [13] all 
subsequent tests may be conducted with greater accuracy and in an easier way. However, to 
make this possible, an appropriate method of converting the analyzed parameters should be 
used. In the scaling technique using dimensionless similarity numbers, the starting point is 
Buckingham's Theorem [14] also known as "Pi theorem" (Π theorem). 

The Buckingham Theorem 
"Each function of n dimensional parameters ai, of which k has basic dimensions, can 

be represented as a function of n-k dimensionless parameters of type Π. If the 
dimensionless parameters Π are identical, the phenomenon will occur identically despite 
the differing parameters of type ai." 

The above theorem (Theorem Π) is based on the principle of dimensional unity. It 
states that if indeed the equation expresses the proper relationship between variables in 
physics, this process will be uniform in dimension. Each of its parameters will have the 
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same dimensions [15]. Thus, a dimensionally homogeneous equation containing n
mathematically variables: 

( )1 2, nZ f Z Z Z= … (1) 

can be written in dimensionless form: 

( )1 2, n k−Π = Φ Π Π …Π (2) 

Formula (2) is very important for research conducted on a model scale. Since its 
derivation, it has ceased to be necessary to always study the functions of variables. It is 
enough that they are identified, which is a great help for scientists dealing with this topic. In 
addition, it is worth emphasizing that a change in the value of the Π argument can be 
introduced by transforming even one of its arguments. With this, conducting experimental 
research is much easier. 

3. Characteristic numbers – the Froude number 
3.1. Conditions of similitude 

We consider two phenomena to be similar if the value of the measured parameter on 
the real scale is proportional to the value of the parameter on the model scale. Such 
phenomena will be similar if the similitude of: 

• geometric dimensions, 
• physical properties, 
• boundary conditions, and 
• initial conditions 

is maintained.  
The purpose of physical tests is to obtain reliable results that can be used to determine 

the possible conditions occurring in a given facility during a fire. However, in order for the 
conclusions resulting from the experiments to be put into practice, the theory of similitude 
should be used. Based on the review of the available literature on the subject, three types of 
similitude have been identified [16]. 

Geometric similitude – consisting in maintaining similarity of dimensions and shapes 
in the model and real objects. When the linear dimensions of the original and the model are 
proportional to each other, then the original and the model are considered to be 
geometrically similar. 

Kinematic similitude – consisting in maintaining speed fields between the model and 
the real objects. It occurs when the current line profile in the model and real flow are 
proportional to each other. 

Dynamic similitude – consisting in maintaining one of two criteria: 
• dimensional analysis resulting from the Buckingham theorem. It is necessary to 

know the physical quantities necessary to completely describe the phenomenon; 
• analysis of equations defining a given phenomenon (without solving them) in 

model and real flow. 
The use of any of the types of similarity mentioned above allows to obtain 

dimensionless similarity numbers (criterion numbers). 
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3.2. Modeling the described phenomenon using dimensionless functions 

Table 1 lists the variables that most often appear in dimensionless analysis related to 
the IBP domain. 

Table 1. Dimensional relationships occurring in fire test. Source: Own study based on [15]. 

Relationship Name of relationship Interpretation Application 

Vlρ
µ

Reynolds number (Re) 
inertia forces
viscousforces

issues of fluid 
mechanics 

V
gl

Froude number (Fr) 
inertia forces
gravityforces free space flow 

2

pl
Vρ

∆
Euler number (Eu) 

pressure
inertia forces

issues of pressure 
differences 

3

2

gl T
v
β∆ Grashof number (Gr) 

buoyancyforces
viscousforces

issues of fluid 
mechanics 

This article examines fire modeling methodology using the Froude number. This 
relationship is named after William Froude, a British civil engineer, architect and 
mathematician living in the 19th century. He became famous for his pioneering approach to 
ship design using a model scale. 

The Froude number is the ratio of forces caused by the acceleration of a flowing 
particle (inertia force) to the force of gravity. This equation is of great importance when 
considering free flows. Mathematically, this can be written using the formula (3): 

VFr
gl

= (3)

The magnitude of the inertia force component (F1) along the current line can be 
expressed as: 

1 sF a m= (4) 

where: as is the amount of acceleration along the flow line for a particle with mass m. 
It is known from the particle motion studies that the particle lifting path is curved. 

The phenomenon of particle movement in the convection column is shown in Fig. 1. 
The movement shown in Fig. 1 can be written as: 

s s
s s

s

dV dV
a V

dt d
= (5)  

where: s is measured along the lift path in the convection currents. 
By writing the speed V and length s as dimensionless numbers: 

Vs sV s s
V l

⋅ = ⋅ = (6) 
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Fig. 1. Impact of gravity on the path of a moving particle. Source: Own study based on [14] 

In equation (6) V and l represent, respectively, the characteristic speed and dimension 
(e.g. length), therefore: 

2

s
s

V dV sa V s
l d

⋅= ⋅ (7) 

2

1
s

V dV sF V s m
l d

⋅= ⋅ (8) 

The particle weight FG (FG = gm), so the ratio of inertia to gravity is such that the ratio 
of force F1/FG is proportional to V2/gl, and the square root of this expression (V / √gl) is 
called the Froude number. 

2
1

G

F V VFr
F gl gl

= = = (9)

3.3. Physical modeling 

Equations of flow phenomena (e.g. water, smoke) are currently most often solved 
using computer programs designed to solve the equations of numerical fluid mechanics. 
However, there has always been a need to develop a method for mapping real-scale test. 
Model scale research is the simplest and most accurate. In the 1960s, Thomas [17] 
performed physical experiments using hot air. The 1970s abounded in model research, 
which was carried out using a mixture of kerosene and water [18]. In the 1980s, models 
filled with fresh water were used for this purpose [19]. Salt water with a higher density and 
the addition of dark pigment was used to represent the flow of smoke. These simple 
techniques allowed mapping of small-scale fire tests performed in full-size geometries, as 
well as verification of mathematical models known at that time. Currently, deterministic 
CFD simulations or stochastic calculations based on multi-simulations are used to predict 
smoke flow in rooms [9], [20]. A comparison of the older method using the water-filled 
model and the newer method of solving computer-based fluid mechanics equations is 
shown in Figure 2. 
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a) b) 

Fig. 2. Simulation of smoke spreading in a building - comparison of methods, a) analog simulation with 
salt water (inverted image), b) CFD computer simulation, Source: Own study based on [19] 

The similarity criterion to fulfill and the corresponding scales can be obtained from 
equations describing a given phenomenon. Tests carried out on a suitably reduced model 
should be performed while maintaining the geometric similarity of the model in relation to 
the real object. It is also important to keep the other selected criteria of similarity of 
physical phenomena. The above idea is presented in Fig. 3. 

Fig. 3. Similarity of real and model scale. Source: Own study. 

Fig. 3 shows two geometrically similar room. One on the real scale (left) with height 
lr and the other on the model scale (right) with height lm. To maintain the similarity, the 
dimensions of all rooms and objects in the analyzed space must be changed. One should not 
forget about keeping proportional distances between e.g. measuring devices (Tr i Tm). For 
phenomena that occur during a fire, the basis for physical modeling is to maintain the 
Froude number. 

The buoyancy force resulting from the difference in fluid density can be mapped in 
several way. They are presented in Table 2. The buoyancy force arising during a fire and 
the work of fire ventilation are so dominant that the phenomenon of friction has a limited 
effect on the flow of smoke. Therefore, maintaining the Reynolds number (Table 2) is not 
required as long as Re > 10,000. This is a significant simplification of the research method, 
since the simultaneous maintenance of both Froude number and Reynolds number is 
extremely difficult and would require scaling kinematic viscosity of the fluid (e.g. smoke) 
and roughness of building partitions [14]. To be able to conduct research on a model scale, 
the criterion of similarity of the Froude number should be kept: 

m rFr Fr= (9) 
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With the equations described in Table. 1 it is known that the Froude number describes 
the ratio of inertial force to the force of gravity. With its practical application, the mapping 
of the buoyant force can be implemented in several way. The first and easiest method is to 
generate heat in a certain amounts. It is important then to accurately calculate the rate of 
heat release using the formula (10). Other methods are implemented by using helium with 
air of a certain and known density [21], [22], or mixtures of water with varying degrees of 
salinity [19], [23]. Other values important for flow modeling in fire tests are additionally 
described by the equations presented in Table 2. 

Table 2. Relationships between model and real scale values. Source: Own study based on [14] 
Parameter Unit Scale ratio Number of equation 

Heat release rate [kW] 
5

2
m m

r r

Q X
Q X

 
=  
 

(10)

Air flow rate [m/s] 
1

2
m m

r r

V X
V X

 
=  
 

(11)

Time [s] 
3

m m

r r

t X
t X

 
=  
 

(12)

Energy [kJ] 
3

m m

r r

E X
E X

 
=  
 

(13)

Mass change [kg] 
3

m m

r r

m X
m X

 
=  
 

ɺ
ɺ

(14)

Temperature [K] Tm = Tr (15)

The formulas (10–15) presented in Table 2 describe the relationships between values 
on the model scale and the real scale. The Xr parameter describes the real scale, and Xm
describes the model scale. For calculations from the 1: 1 scale to the 1: 2 scale, it will be  
Xr = 1 and Xm = 2, respectively. Parameters and formulas have been widely described and 
used in the work presented by Quintiere [14]. The equations collected in Tab. 2 are just 
some of the functions describing the scaling process. However, they are sufficient to carry 
out the tests underlying the fire tests on a model scale. More information on the 
dependencies used can be found in the works of Thomas, Quintiere and Morgan 'a [10], 
[24], [25]. 

3.4. Application of the Froude number 

Modeling fires using Froude similitude is one of the most popular techniques for 
modeling fire phenomena. The roots of the method date back to the 1960s [26]. It was 
further developed in the following years. Practical significance is found wherever it is 
important to determine the relationships describing the flow of smoke in space [25], 
through openings [18], as well as to optimize fire ventilation systems [27]. In many cases, 
no research can be done without using the model scale. This is the case, for example, in 
experiments on road or rail tunnels [28] [29]. 
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The basic issue before conducting experiments is the selection of the appropriate scale 
of the model for the studied phenomenon. This coefficient cannot be large enough so that 
the construction costs, time and complexity of the model approach those that occur at full 
scale. Generating large amounts of heat, which is a significant threat, may be an additional 
problem. On the other hand, the scale used may not be too small (e.g. 1: 100), because it is 
important to maintain the correlation between the real and the model phenomenon. In 
addition, the use of too small a model scale can create difficulties in finding the right 
measuring equipment. Table 3 presents a list of scales that were used in several 
experiments. The list contained in Table 3 presents only examples of quantities. It does not 
include all scales at which fire phenomena are tested. 

Table 3. Examples of scale sizes used in fire test. Source: Own study 

No.  Scale size Type of object Number of tests Source  
1 
2 
3 

1:1 
1:2 
1:3 

road tunnel 
railway wagon 
single-family housing estate 

5 
10 
2 

[4] 
[30] 
[7] 

4 1:7 room  3 [31] 
5 1:8 basement 1 [32] 
6 1:10 shopping mall 48 [6] 
7 1:15 road tunnel 28 [33] 
8 1:20 road tunnel  54 [34] 
9 1:23 road tunnel  12 [35] 
10 1:48 railway tunnel  1  [29] 

Based on the analysis of the data presented in Table 3, one universal scale that could 
be adopted in the study cannot be determined. Often the same phenomenon is reproduced 
on several different scales. Each time the team conducting the experiment should assess on 
their own whether the scale used is appropriate for describing a given phenomenon. The 
choice of this or that scale also depends on the possibilities of using the measuring 
equipment owned or available space. 

Choosing the right scale to conduct experiments is a very difficult task in itself. An 
additional obstacle deepening this problem may be the selection of appropriate measuring 
equipment. When choosing the right measuring instruments for model scale testing, there 
are two key issues to consider. In addition to the obvious justification for the use of a given 
instrumentation (the possibility of measuring the analyzed parameters), the size of this 
device should also be taken into account. For a full-scale test room (1:1 scale), the 
introduction of e.g. one or several thermocouples with a diameter of 1.5 mm will not affect 
the flow in the test space. However, if the same number of identical thermocouples is 
entered into the test-room model on a scale of 1: 100, it can have a real impact on the final 
results of the experiments. 

An even bigger problem is the use of flow measurement tools – Prandtl tubes, thermo 
anemometers or bidirectional airflow probes. Due to their size and inaccurate 
measurements at threshold response values, the research capabilities on the model scale are 
decreasing. Laser imaging methods can solve these types of problems. These are relatively 
new methods that allow the simultaneous measurement of temperature (Digital Particle 
Image Thermometry, DPIT) and flow velocity (Digital Particle Image Velocimetry, DPIV) 
of particles in the analyzed space [36]. White light-illuminated particles have the ability to 

82



Mateusz Zimny78

The basic issue before conducting experiments is the selection of the appropriate scale 
of the model for the studied phenomenon. This coefficient cannot be large enough so that 
the construction costs, time and complexity of the model approach those that occur at full 
scale. Generating large amounts of heat, which is a significant threat, may be an additional 
problem. On the other hand, the scale used may not be too small (e.g. 1: 100), because it is 
important to maintain the correlation between the real and the model phenomenon. In 
addition, the use of too small a model scale can create difficulties in finding the right 
measuring equipment. Table 3 presents a list of scales that were used in several 
experiments. The list contained in Table 3 presents only examples of quantities. It does not 
include all scales at which fire phenomena are tested. 

Table 3. Examples of scale sizes used in fire test. Source: Own study 

No.  Scale size Type of object Number of tests Source  
1 
2 
3 

1:1 
1:2 
1:3 

road tunnel 
railway wagon 
single-family housing estate 

5 
10 
2 

[4] 
[30] 
[7] 

4 1:7 room  3 [31] 
5 1:8 basement 1 [32] 
6 1:10 shopping mall 48 [6] 
7 1:15 road tunnel 28 [33] 
8 1:20 road tunnel  54 [34] 
9 1:23 road tunnel  12 [35] 
10 1:48 railway tunnel  1  [29] 

Based on the analysis of the data presented in Table 3, one universal scale that could 
be adopted in the study cannot be determined. Often the same phenomenon is reproduced 
on several different scales. Each time the team conducting the experiment should assess on 
their own whether the scale used is appropriate for describing a given phenomenon. The 
choice of this or that scale also depends on the possibilities of using the measuring 
equipment owned or available space. 

Choosing the right scale to conduct experiments is a very difficult task in itself. An 
additional obstacle deepening this problem may be the selection of appropriate measuring 
equipment. When choosing the right measuring instruments for model scale testing, there 
are two key issues to consider. In addition to the obvious justification for the use of a given 
instrumentation (the possibility of measuring the analyzed parameters), the size of this 
device should also be taken into account. For a full-scale test room (1:1 scale), the 
introduction of e.g. one or several thermocouples with a diameter of 1.5 mm will not affect 
the flow in the test space. However, if the same number of identical thermocouples is 
entered into the test-room model on a scale of 1: 100, it can have a real impact on the final 
results of the experiments. 

An even bigger problem is the use of flow measurement tools – Prandtl tubes, thermo 
anemometers or bidirectional airflow probes. Due to their size and inaccurate 
measurements at threshold response values, the research capabilities on the model scale are 
decreasing. Laser imaging methods can solve these types of problems. These are relatively 
new methods that allow the simultaneous measurement of temperature (Digital Particle 
Image Thermometry, DPIT) and flow velocity (Digital Particle Image Velocimetry, DPIV) 
of particles in the analyzed space [36]. White light-illuminated particles have the ability to 

Physical modeling of a fire with the use of the Froude number 79

selectively disperse different colors depending on the ambient temperature. Recording this 
phenomenon using a suitable camera allows to determine the temperature of flowing 
particles. By comparing the displacement of individual particles on two frames / photos 
with a known time interval, their movement speed can be determined. In addition to 
accurate measurements, the advantage of these methods is the lack of need to place 
relatively large measuring devices in small test space. Thanks to this, the phenomena 
accompanying fire experiments are not disturbed. 

4. Summary 

Performing fire tests on a model scale is undoubtedly a huge source of information. It 
is often the only feasible way for an in-depth study and analysis of many physical 
phenomena. The results of many studies in recent years have lead to a better understand of 
the uncontrolled phenomenon of fire. The collected data is used to develop and continually 
improve CFD computer programs. Knowledge based on the experience drawn from the 
performed experiments allows to estimate the possible course of events in the event of a 
fire, and as a consequence – develop projects for more effective fire protection. That is why 
it is so important that the results obtained from the model scale correspond to the reality in 
which we - residents and users of secured buildings can find ourselves. 
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