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Abstract: The paper presents the results of the development of a multi-layer protective product,
which is a transformable fire barrier, installed in buildings and structures to limit the spread of
flame, heat flow and smoke. Based on the results of the simulation of eight samples of fire curtains,
three promising samples of different compositions were selected, demonstrating a fire resistance
limit on the loss of thermal insulating capacity (I) of 30 min. During the small-scale tests, it was
found that the multilayer fabric of the following composition was promising: heat-treated silica
fabric, aluminum foil, mineral fiber heat insulation material, stitched by needle-punching with silica
thread, fabric reinforced with fiberglass mesh and stitched through with basalt thread, with seams
treated with a fire-resistant elastic sealant. According to the results of a standard large-scale
experimental study, a fire curtain with a loss of integrity not less than 60 min, and a loss of thermal
insulating ability not less than 15 min were obtained. The results of the study assess the impact of
the scale factor on the fire resistance limit of fire curtains in a fire.

Keywords: fire curtain; transformable barrier; fire resistance limit; loss of integrity; thermal
insulating capacity; aerogel

1. Introduction

Fire in a building or structure usually occurs in an enclosed environment, which
allows for the rapid spread of flames, heat flow and smoke throughout the structure,
thereby blocking escape routes [1]. Their distribution is influenced by the space-planning
and design solutions of the buildings and structures, the use of supply smoke ventilation
and the means of mechanical and natural smoke ventilation [2]. Transformable fire
barriers in the form of curtains are most widely used to protect openings in fire
compartments and to organize fire compartments in the spaces of buildings of any
functional purpose [3]. Fire curtains affect a fire in two ways: they create a barrier to
prevent the spread of flames, heat flow, and smoke; and they prevent the entry of oxygen
into the room with the fire seat, which leads to the gradual attenuation of the fire inside
that room.

A characteristic design feature of fire curtains is the execution of the enclosing part
(working canvas) in the form of an elastic flat element of heat-resistant materials with
heat-insulating capacity [4]. Transformable fire curtains are designed to operate in heated
rooms in a temperature range from +5 °C to +40 °C in an explosion-proof environment.
The main differences between transformable fire curtains and fire gates are the use of
lighter materials, the possibility for overlapping large openings and the potential to isolate
individual areas [5]. These characteristics allow for the widespread use of transformable
fire curtains directly in retail halls, showrooms, offices and public buildings with a large
number of people (Figure 1).
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(a)

Figure 1. Fire curtain in: (a) Public space of an apartment complex; (b) Shopping mall.

Fire-resistant curtains protect from the spread of flames, heat flow and smoke both
through a small window opening or throughout a large hangar with equipment, an atrium
with retail outlets or a warehouse (Figure 2). Fire curtains are widely used in the design
of underground structures, including tunnels. Gao and co. [6] conducted full-scale tests
in a tunnel 140 m long, 5.0 m to 5.9 m high and 5.8 m to 10.8 m wide. A 200 mm wide air
curtain covering the entire side of the tunnel was installed under the tunnel ceiling. The
experiment showed that the air curtain at exit velocities of 12 m/s and 16 m/s could stop
the spread of smoke generated by a 1 MW and 2 MW fire, respectively. Yu and co. [7]
conducted small-scale experiments to study the effect of air curtain sealing for smoke
retention in the tunnel. The simulations provided additional information about the
distribution of air flow and temperature fields. Fire curtains protect both vertical and
horizontal openings [8]. When using a transformable fire curtain, it is possible to avoid
the spread of fire and toxic products of combustion both in the stairwell and in the elevator
shaft.

Figure 2. Fire curtain in the atrium of a business center.

The curtain canvas is a multilayer product, most often closed on both sides by a
specialized fabric, the main criterion of which is the ability to operate at temperatures up
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to 1000 °C [9]. Such fabrics include: silica, quartz, basalt and glass. Further, the fabric of
the first layer is treated with various compositions which include the addition of flame
retardants, while the inside of the curtain fabric contains various components. When silica
materials are calcined at extreme temperatures, the strength properties of the fibers are
lost; thus, the breaking load is reduced. This increases the probability of the curtain
breaking from the roll and the appearance of cracks and gaps in the fabric (loss of integrity
(E))-

According to [10], curtains are classified according to their fire resistance limit states
(EI) (E—limit state for loss of integrity, I—limit state for loss of thermal insulating
capacity), namely EI60, EI120, E60, E120, E180 —usually with the use of irrigation; EI15, EI
30 and E60—without irrigation. Fire curtains are standardized according to the
parameters E and I, and sometimes (S) (smoke tightness). This depends on the design
requirements for the facility and test methods.

According to [11], if fire curtains are operated in the open position, they must be
equipped with devices that can ensure that they close automatically in case of fire, and
such fire structures must maintain operability in fire conditions for the time necessary to
perform their functions and evacuate people to a safe area. These curtains are equipped
with an electronic automatic system that connects to the central fire alarm, smoke
detectors and other warning and protection systems [12].

The most common curtains are EI15, EI30, E60 and EI60 [13]. The specific choice of
curtain depends on the type of product, the standardized fire resistance limits on loss of
structural integrity and the ability to prevent the passage of intense heat flow from the
fire. The typical arrangement of a curtain and a transformable barrier is shown in Figure
3.

Mover

T

Guiding profile
(a) (b)

Figure 3. Typical arrangement of a transformable fire curtain: (a) general view; (b) in detail.

As a heat-insulating material for fire curtains, silica fabrics; fiberglass thin blankets
[14]; various heat-insulating materials, such as aerogel—a material based on silicon
dioxide with extremely low thermal conductivity [15,16]; materials based on super-thin
basalt fiber and mineral wool of different density [17,18]; as well as modern flexible
polymer-composite materials [19] are used. Carbon fiber is also used, but not so widely,
due to its high cost. Hydrocarbon fibers have extremely high thermal resistance; when
exposed to heat up to 1600-2000 °C in the absence of oxygen, the mechanical parameters
of the fibers are the same. This predetermines the possibility for application of
hydrocarbon fibers as heat shields and heat insulating material in high-temperature
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technology. On the basis of hydrocarbon fibers, carbon composites are made, which are
characterized by high ablative resistance [20,21].

The closest technical solutions for transformable fire curtains are roll-up doors, fire
curtains with a flexible fabric or fire barriers with a porous flexible fabric. The first roll-up
fire doors were created in the 1930s. Patent US1369518A [22], published in 1921, describes
a “Fire-door” roll-up fire door system, which, in case of fire, is actuated by a spring
mechanism, and water spray is used to protect the structure.

Eremina and co. [23] considered a fire barrier with two layers of insulating material
based on foil-coated basalt fiber (16 mm) and liquid glass composition in the form of glue
to prevent the spread of flames, heat flow and smoke, and to ensure the safe evacuation
of people. According to the results of the study, it was found that with a total layer
thickness of 30 mm and a canvas size of 2000 x 2000 mm, the time to reach the limit state
of thermal insulating ability is 31 min and the time to loss of integrity is 60 min. According
to the patent of Sechina and co. [24], when silica materials are calcined in conditions of
extreme temperatures (fire), they lose the strength properties of the fibers and the breaking
load decreases. In this regard, the probability of breakage of the curtain from the shaft
(loss of integrity (E)) increases. Thus, the patent proposes a multilayer canvas
transformable fire barrier, according to the results of the experimental study in which the
fire-resistance limit of E60 was obtained.

A fire curtain must comply with the required parameters of fire resistance, have a
low density (low weight) and a small thickness in operation to be able to roll up and roll
out. In the process of developing a fireproof curtain, three methods are used for its
operation in case of fire: (1) formation of a new heat-insulating layer in the “pockets” of
the curtain with a thickness of 50-80 mm; (2) formation of a new heat-insulating layer
inside the curtain with a thickness of 50-80 mm; (3) use of endothermic processes when
heating a large enough layer of mineral wool, aerogel, basalt superfine fiber and other
non-bulging materials (Figure 4). In the third case, it is possible to use the presence of
crystallization water in porous-fiber materials; however, slabs or coatings on mineral
binders are characterized by considerable rigidity and brittleness, which makes it difficult
to use them for fire curtains. In this study, layers of fabric were placed according to the
second and third methods of fire curtain operation in case of fire.

r-

()

Figure 4. The formation of a thermal insulating layer in: (a,b) special pockets; (c,d) inside the curtain;
(e) the use of non-permeable thermal insulating materials in the curtain; (f) general view of the
layered package forming the curtain fabric.

Maintaining the integrity of the curtain fabric (parameter of fire resistance limit E) is
the first priority, because the formation of cracks and breaks will not allow the further use
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of the structure of the fire curtain as a barrier to prevent the spread of flames, heat flow
and smoke to adjacent rooms.

The aim of the paper is to develop a perspective fire protection canvas with a fire-
resistance limit of at least E60 (on loss of integrity) and at least I15 (on loss of thermal
insulating capacity), taking into account the lack of water sprinkling.

To achieve this goal, the following research problems were solved: the materials for
the fabric of the fire curtain were determined; eight prototypes of curtains, which are
based on the most widely used cladding and insulating materials were created; the values
of heat insulating parameter (I) on the unheated sides of the transformable fire barrier
were obtained by simulation method; small- and large-scale tests of fire curtain samples
to determine the fire resistance of the transformable fire curtain were carried out.

The scientific novelty of the research consists of the establishment of regularities of
heat transfer processes in layers of packages of transformed fire barriers with different
combinations of used materials by simulation method; the determination of the fire
resistance of transformed fire barriers on the basis of perspective materials, taking into
account the absence of water irrigation.

2. Materials and Methods

Two methods are considered in the work: simulation of the heating of the fire curtain
structure and experimental studies based on the selected perspective composition.

Before the simulation, an analysis of the effect of fire canvas parameters on heating
in the software package (SP) STATISTICA, which implements the functions of analysis,
management and visualization of data involving statistical methods, was carried out [25].
Based on the results of the simulation planning and experiment, the response surfaces of
the system were obtained (Figure 5). The labels indicating the color intensities
demonstrate that the maximum density is achieved when the parameters change in the
central ellipse. All values of the independent variables falling within the central ellipse
lead to the best performance of the curtain fabric (dark red shows the best values of the
considered structures in terms of temperature on the unheated side of the canvas).

Figure 5. Influence of fire fiber parameters on structure heating: (a) thickness and thermal
conductivity; (b) uniformity of structure and thermal conductivity; (c¢) uniformity of construction
and thickness.

From the planning results, it was determined that the prototypes with higher
thickness and materials of lower thermal conductivity have a better characteristic of the
temperature value on the unheated side. In terms of homogeneity of construction,
prototypes with fewer layers of different materials are more efficient. The greatest
contribution influencing the temperature value on the unheated side of the sample is
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thermal conductivity (56%), the second most significant is the cross-section of the canvas
(thickness) of the transformable fire curtain (32%). The cost of construction is not a
statistically significant effect (13%).

2.1. Materials

The main element of a fire curtain is a canvas made of thin metal, silica or glass fabric.
The silica fabric is heat-treated to minimize its thermal shrinkage in case of fire and has a
heat resistance up to 1100 °C [26]. Figure 6 shows the material options for the curtain fabric
according to the criteria of the maximum long-term operating temperature and the value
of the breaking load.
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Figure 6. Material variations for the curtain fabric.

The main criterion for the fabric is non-combustibility and preservation of the
integrity (no cracks or pores, as well as the absence of their formation during the fire
action).

The most appropriate material for the fabric of fire curtains is silica fiber, in terms of
the optimal limit temperature of long-term operation (1000 °C), corresponding to the
temperature of heating under the standard temperature regime (Figure 6). On the basis of
silica fibers produced several types of silica fabrics, listed in Table 1.

Table 1. Types of silica fabrics.

Thickness, Weight of the Linear Shrinkage

Fabric Brand Width, mm mm Unit Area, g/m? Binding 2t 1000 °C, %
KT-E-105 900 0.105 95 canvas 7
KT-E-115-HT ! 850 0.115 95 canvas 1
KT-11-E/0,2 880 0.23 180 canvas 7
KT-11-E-230-HT 830 0.23 180 canvas 1
KT-11-13 880 0.35 300 canvas 7
KT-11-HT 820 0.41 290 canvas 1
KT-11-HTA 2 820 0.44 300 canvas 1
KT-11-C8/3 920, 1300 0.53 610 sateen 7
KT-11-C8/3-HT 860, 1200 0.67 610 sateen 1
KT-11C8/3-HTA 860 0.67 610 sateen 1

! HT —Heat-treated fabric (shrunken); 2 HTA —Heat-treated, appliqued.

Silica heat-shrinkable fabrics are the most preferred as reinforcing material. Thanks

to heat shrinkage, the risk of losing the integrity of the fabric due to high temperature
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loads during the test or in case of fire at the site is reduced [27]. Silica heat-shrinkable
fabric KT-E-115-TO was adopted for the experimental studies. For the justification of this
choice, a standard large-scale experiment, given in Section 3.3, was conducted.

2.2. Determination of the Compositions of the Fabric Layers of a Fire Curtain

Based on a patent search and analysis of scientific literature [28-31], eight samples
were constructed, additionally containing in the first and last layer a silica heat-shrinkable
fabric KT-E-115-TO (Table 2), This means that Sample No. 1 was composed of heat-
shrinkable fabric + intumescent composition + heat-shrinkable fabric. Layers of the fabric
were placed according to the second and third methods of operation of the fire curtain in
case of fire (Figure 4). The characteristics of some materials are presented in Table 3.

Table 2. Examined samples of fireproof canvas.

Sample Composition of Canvas Layers Thickness, m
Sample No. 1 Intumescent composition 0.005
Sample No. 2 Intumescent composition (with the addition of TiO2 and 20s) 0.005
Sample No. 3 Heat-resistant silicone, intumescent composition 0.011
Sample No. 4 Intumescent composition, carbon fabric, foil material 0.016
Sample No. 5 Intumescent composition, basalt fiber, foil material 0.012
Sample No. 6 Fiberglass, intumescent mesh, foil material 0.012
Sample No. 7 Layer of Alison Aerogel GR10 [32] 0.012
Sample No.8  Layer of Alison Aerogel GR10 (12 mm) and a layer of Ceraterm Blanket (12 mm) 0.024

Table 3. Characteristics of materials in fire curtains.

Name of Characteristic

Alison Aerogel Ceraterm Blanket Basalt Fiber Fiberglass

Density, kg/m3
Chemical composition, %

Heat capacity at 1090 °C,

200 128 200 200
Si0:2 (55); TiO2 (2);  SiO2 (72), Al20s
SiO:2 (90) ALLOs (42-46), SiO2 (58-54)  Al2Os (20); Fe20s + (0,6), CaO (10)
FeO (13.5), etc. ~ MgO (2.5, etc. (0.7)

Ki/kg K 1.90 113 0.84 0.89
Thermal conductivity, W/m-K
at:

-25°C 0.020 0.045 0.032 0.043
-100 °C 0.025 0.050 0.036 0.050
-500 °C 0.060 0.120 0.137 0.070
-1000 °C - 0.270 0.242 -

Operating temperature, °C 650-1000 650-1000 600-1000 500-600

For Sample No. 1, the fabric was smeared with a water-based intumescent compound
containing the well-known classic triad: ammonium polyphosphate, melamine, and
pentaerythritol. Sample No. 2 was strengthened with titanium whitewash and aluminum
hydroxide [21]. In Sample No. 3, the fabric was smeared with a heat-resistant elastic
silicone sealant, and then the bloating paint was also applied (as in Sample No. 1). Silicone
one-component sealant has good adhesion to most surfaces and is used for sealing joints
exposed to high temperatures, in heating systems during the repair of cars and engines
[33]. The heat resistance of the cured composition is from —65 to +260 °C, briefly up to +315
°C. Sample No. 6 comprises a fiberglass (whose characteristics are close to basalt, but quite
cheaper) and a mesh with an intumescent composition and a foil material [34]. Sample
No. 8 adopted one layer of Alison Aerogel GR10 [32] and one layer of Ceraterm Blanket
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[35], used as a thermal insulation layer in furnace units with a classification temperature
of 1260 °C.

2.3. Simulation of Fire Curtains Canvas

The QuickField software package or its Russian counterpart ELCUT was used as a
modeling tool to specify the thermal impact on the ribs or individual model vertices using
the finite element method [36]. SP ELCUT has been repeatedly used to solve
thermophysical problems to verify by comparing the results obtained with experimental
data. For example, Gravit and co. [37] conducted experimental studies and simulation in
SP ELCUT of steel structures with three different types of plaster. Simulation of the
heating of steel structures showed good correlation with the experimental results and
allowed to predict the consumption of plastering compound for a sample steel column.
Gravit and co. [17] conducted experimental studies on the loss of integrity (E) and thermal
insulating capacity (I) of steel bulkheads and decks with mineral wool under standard
and hydrocarbon fire regimes. Simulation of bulkhead and deck heating showed excellent
correlation with the experimental results and allowed to predict the consumption of
mineral slabs and endothermic mats for steel bulkheads.

SP ELCUT has been repeatedly used to simulate the heating of oversized structures.
For example, Gravit and co. [38] considered the effect of fire exposure on modern
windows and facade glazing elements; it is shown that ELCUT allows for prediction of
the behavior of building structures at elevated temperatures and to display temperature
distributions and stress fields. Gravit and co. [39] presented the results of large-scale fire
tests of lightweight thin-walled steel structures for fire protection efficiency in SP ELCUT.
As a result, temperature—time curves of steel structures in the standard fire regime were
obtained, which showed good correlation between the simulation and experimental
studies. Gravit and co. [40] conducted experimental studies of large-sized and small-sized
samples of tempered fire-resistant glass as part of double-glazed units in steel and
aluminum frames under the influence of a standard fire regime. According to the results
of the experimental study, it is revealed that the fire resistance limit by loss of integrity of
small-size samples is higher than the fire resistance limit of large-size samples by 29%.

When modeling the heating problem in the QuickField, the heat conduction equation
is used, which is determined by dependence (1) [41]:

0 oT 0 oT oT

e (lax) * 3y (b gy) =1 T @
where T is temperature, °C; t is the time, s; A are the components of the thermal
conductivity tensor, W/(m-K); q is a specific power of heat release, W/m3; c is a specific
heat capacity, J/(kg-K); p is a density, kg/m?3.

Boundary conditions, described by temperature, heat flux, convection and radiation
(boundary conditions of the third kind), are set on the external and internal boundaries of
the design model. The value T, is specified as a linear function of the coordinates. The
heat flow is described by relations (2) and (3) [36]:

FE, = —q, — at the outer borders, 2)

E} — E; = —q, — on internal borders, 3)

where F, is the normal component of the heat flux density vector, indices “+” and “~”
mean “to the left of the boundary” and “to the right of the boundary”, respectively, W/m?;
qs — is a surface power of the source for the inner boundary, for the outer —the known
value of the heat flux through the boundary, W/m2.

Convective heat transfer is determined according to expression (4) [42]:

E,=a-(T—-T,), 4)

where a is the heat transfer coefficient, W/(K-m?); T; is an ambient temperature, K.
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The radiation condition is set on the outer boundary of the model, the radiative heat
transfer is determined by Equation (5) [36]:

Fy=ksg - B - (T* = Tg), ©)

where kg is the Stefan-Boltzmann constant, W/(m? + K#); § is the absorption coefficient
of the surface; T, is the temperature of the absorbing medium, K.

Simulation was performed for fire curtain canvas under standard fire conditions,
according to ISO 834-1 [43], characterized by dependence (6):

T — Ty = 345 -log;o(8t + 1), (6)

where T is the temperature in the furnace corresponding to the time t, °C; T is the
temperature in the furnace before the start of thermal exposure t, °C; t is the time
calculated from the start of testing, min.

The initial characteristics of the intumescent composition, aerogel, foiled basalt fiber
and other components were taken from the program handbook and scientific works
[21,44,45] (Table 4). It is assumed that the density value does not change during the heating
process.

Table 4. Thermal characteristics of materials.

) A, W/(m-K) at T, °C Fiberglass

Material P Re/m 0 100 300 20 100 300

Intumescent composition 500 0.3 0.3 - 1000 1000 -
Foamcoke 30 - - 0.02 - - 700
Heat resistant silicone 1100 0.133 0.116 0.073 2060 2150 2550
Foil basalt fiber 110 0.035 0.052 0.090 800 900 1000
Fiberglass 200 0.045 0.050 0.070 840 865 882
Aerogel 200 0.020 0.025 0.039 700 700 700
Fireclay brick 1850 0.850 0.900 1.020 931 1135 1645

Boundary conditions are presented in Table 5.

Table 5. Boundary conditions defined in the SP QuickField.

Name Quantities Meaning Quantities Source Information
Heat transfer coefficient by convection at standard temperature conditions, W/(m? + K) 25 [42]
Coefficient takeovers surfaces 0.5 [41]
Initial ambient temperature, °C 20 -
Time step for calculating the temperature gradient of the structure, s 60 -

Simulation of heating of eight prototype canvases of transformable fire curtains was
performed to predict the values of temperature of the canvas on the unheated side and to
determine the optimal compositions of fire curtains. Examples of calculation schemes for
Sample No. 6 and Sample No. 7 are shown in Figure 7.
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(a) (b)
Figure 7. Calculation schemes: (a) Sample No. 6; (b) Sample No. 7.

2.4. Conducting an Experimental Study

Fire curtains are tested according to two standards: test methods for the fire
resistance of gates and doors according to [10] and smoke screens according to [46].

Reaching the limit state for loss of integrity (E) occurs as a result of the formation of
through cracks or holes in the structure, through which the products of combustion or
flame penetrate, namely:

e the appearance of a steady flame on the unheated surface of the test sample for 10 s
or more;

e ignition or smoldering with glow of the cotton swab as a result of exposure to fire or
hot gases, within 10 s after bringing it to the sample;

e formation of through holes (slots) in the construction of the test sample with the
dimensions that allow a 6 mm diameter stylus to penetrate and move along the hole
(slot) at a distance of at least 150 mm or a 25 mm diameter stylus to penetrate through
holes unhindered;

e falling out of the sample canvas from the box or the box itself from the enclosing
structure.

Reaching the limit state for the loss of thermal insulating capacity (I) occurs because
of the temperature increase on the unheated surface of samples, in average more than 140
°C in comparison with the surface temperature of the test sample (taking into account the
start temperature of the test) before the test for smoke and gas permeability [10].

A small-size fireclay brick furnace of 790 x 790 x 965 mm, in which diesel fuel (two
burners) regulated the temperature in the furnace according to the standard temperature
regime according to ISO 834-1 [43] (Figure 8), was used for conducting small-scale tests
on the samples. The dimensions of the investigated fire transformable barriers were 1000
x 1000 mm.
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Figure 8. Furnace for small-scale testing.

For large-scale (standard) testing, a sample of a fire-resistant canvas was installed in
a fragment of the fencing concrete structure with a thickness of 250 mm. Thermocouples
of TPKO011-0.5/5 type in quantity of 5 pieces were placed on the fabric surface (Figure 9).
Furnace temperature conditions were controlled by two thermocouples TP-0395-06XA
(K), the length of immersion part was 500 mm. The dimensions of the investigated fire
transformable barriers were 3000 x 3000 mm.

3 @
N
1 TC 2 TC1 TC2
D
. S
@ LN
" N TCS
. TCs S
3 - i S — ©
S
= (X%
iy ~N
R TC3 TC4
T3 TC4 N EF
& 2
Nosol 250 | 250 250
750 750 | 750 750
1000
3000
(a) (b)

Figure 9. Location of thermocouples on: (a) large-sized sample; (b) small-sized sample.

The temperature in the furnace during the tests was maintained in accordance with
the requirements [47]. The duration of the experimental study was 60 min.
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3. Results and Discussion
3.1. Simulation Results and Obtaining the Most Preferred Compositions of Fire Curtain Canvas

As aresult of the simulation, visualizations of the heating of the fire curtain structures
were obtained. As an example, Figures 10 and 11 show the heating results for Sample No.
6 and Sample No. 7.

5451

Temperature, °C

|

(a) (b)
Figure 10. Visualization of heating: (a) Sample No. 6; (b) Sample No. 7.

8526
7601
EB7.G
5751
4826
3901
2976
2051
M2ZE
201

Figure 11. Temperature scale for standard fire mode.

Calculated temperature-time dependences at the thermocouple location on the
unheated surface of the transformable fire curtains were obtained (Figure 12).

450 T
- ________r_‘—_‘—.l--l'-r—_—_‘
400 + S
350 1 T T T
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300 + ,,::,;’
250 + "
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150 £ 7 T == =
o ===
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’ PR e
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b =
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Time, s
= = = Sample No.1 = = = Sample No.2 Sample No.3
= = = Sample No.4 = = = Sample No.5 = = =Sample No.6
- = = Sample No.7 Sample No.8 Temperature limit value

Figure 12. Calculated temperature curves of samples at standard temperature conditions.

As shown in Figure 12, the graphs for Samples No. 1, No. 2, No. 4 and No. 5,
containing intumescent compositions in the base, grow at a higher rate in the first minutes
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of fire exposure, while Sample No. 3, additionally containing heat-resistant silicone,
shows better temperature values on the unheated surface of the transformed canvas.

Models with intumescent compositions, despite negative results compared to other
samples, remain perspective for further study because of their ability to expand and form
a foamcoke with low thermal conductivity and economic potential. On average, a 40%
reduction in temperature on the unheated side can be achieved by increasing the thickness
of the prototype. However, in real operation, transformable fire curtains with a thickness
of 20-50 mm do not functionally differ from roller shutters, which raises the question of
the feasibility of such an engineering solution.

As can be seen in Figure 12, Samples No. 6-No. 8 showed preferable results for their
fabrication and fire tests. Sample No. 8, showing the lowest temperature values, has a fire
curtain thickness of 0.024 m. Due to the greater manufacturability and greater rollability
of the fire-resistant fabric in the manufacture of the product, it is advisable to use fire-
resistant curtains with a thickness of 5 to 12 mm. Thus, Sample No. 8 is less technological
due to its excessive coating thickness, but it was decided in this work to conduct an
experimental research of determining the fire-resistance limits of this curtain.

Samples No. 6-No. 8. Were selected as the preferred prototypes for the experimental
study.

3.2. Results of Small-Scale Tests

According to the results of the simulations of heating of fire transformable barriers,
Samples No. 6-No. 8 were selected for small-scale tests.

For Sample No. 6, the small-scale fire test was terminated at 61 min by order of the
technical customer. The limit state for the loss of thermal insulating capacity (increase in
temperature on the unheated surface of the structure by more than 140 °C on average)
was reached at the 33rd minute of the experimental study. According to the test results,
there was no smoke and flame penetration on the unheated side; the integrity of the
sample was preserved. It was found that Sample No. 6, consisting of fiberglass, mesh with
intumescent composition and foil material (total thickness of 12 mm), has a fire resistance
limit under the standard temperature conditions of E60 (loss of integrity) and 130 (loss of
thermal insulating capacity).

Throughout the experimental study of Sample No. 6, temperatures were additionally
determined using a thermogram (Figure 13).
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Figure 13. Thermograms and visual representation of Sample No. 6 during the fire test: (a,b) in the
first minute of fire exposure; (¢,d) in the 20th minute of fire exposure.

For Sample No. 7, the small-scale fire test was terminated at 29 min due to achieving
loss of sample integrity at 28 min of fire exposure. According to the results of the test,
breakdowns were observed in the fire canvas, as was the exit of soot on the unheated
surface. Thus, the integrity of Sample No. 7 was compromised (Figure 14). It was found
that Sample No. 7, consisting of a layer of aerogel with a thickness of 12 mm, has a fire
resistance limit under the standard temperature conditions of E15 (loss of integrity) and
I15 (loss of thermal insulating capacity).

Figure 14. Occurrence of breakdowns on Sample No. 7 in a small-scale test under standard
temperature conditions.

For Sample No. 8, the small-scale fire test was terminated at 60 min by order of the
technical customer. The limit state for loss of thermal insulating capacity (increase in
temperature on the unheated surface of the structure by more than 140 °C on average)
was reached at the 45th minute of the experimental study. According to the test results,
there was no smoke and flame penetration on the unheated side; the integrity of the
sample was preserved. It was found that Sample No. 8, consisting of a layer of aerogel and
a layer of ceramic canvas (total thickness of 24 mm), has a fire resistance limit under the
standard temperature conditions of E60 (loss of integrity) and 145 (loss of thermal
insulating capacity). The temperature distribution in the form of a thermogram of Sample
No. 8 is shown in Figure 15.
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Figure 15. Sample No. 8: (a) thermogram; (b) visual representation at the 40th minute of the
experimental study.

The results of temperature distribution on the unheated side of the fire-resistant
canvases of Samples No. 6-No. 8 are shown in Figure 16 (the average temperature values
of the thermocouples installed on the samples are presented). The different location of the
thermocouples across the section of the samples is shown in Figure 9. According to the
results of simulation, excellent correlation of the results was obtained (discrepancy of the
values is not more than 5-10%).
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Figure 16. Experimental and calculated temperature curves of Samples No. 6-No. 8 under standard
temperature conditions.
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According to Figure 16, it is observed that in a small-scale test, Sample No. 6, which
has a thickness of 12 mm, shows a fire resistance limit for loss of thermal insulating
capacity (I) of 30 min and for loss of integrity (E) of 60 min, while Sample No. 8, which
has a thickness of 24 mm, reaches the thermal insulating capacity limit at the 45th minute
of the experimental study and has a fire resistance limit for loss of thermal insulating
capacity of 145 and for loss of integrity of E60. Sample No. 7, consisting of a single layer of
aerogel with a thickness of 12 mm, loses strength when exposed to standard temperature
conditions on the canvas at the 28th minute of the test.

The experimental study revealed that Sample No. 6 is the preferred sample due to its
better elasticity and ability to roll up and unroll during operation. Thus, Sample No. 6 was
chosen for a large-scale (standard) study.

3.3. Results of Large-Scale (Standard) Test

To justify the selected type of stitching fabric that protects the fire-resistant fabric
from above and below, large-scale standard tests of silica heat-shrinkable fabric KT-E-115-
TO for loss of integrity (E) were conducted. The experimental study was terminated at the
65th minute upon reaching the limit state for loss of integrity, namely the formation of
cracks in the heat-shrink fabric canvas due to high tension (Figure 17). As the experiment
showed, the tension reserve of the fabric was insufficient. It is recommended to make the
tension of the sample looser (10-15%).

Figure 17. Experimental study of a heat-shrunk fabric canvas: (a) before the start of the test; (b) at
65 min of fire exposure; (c) after the end of the experiment.

According to the results of simulation and conducting a small-scale experimental
study, Sample No. 6 was selected for a standard test in a vertical furnace with dimensions
of 3.0 x 3.0 m. The stages of creating a prototype of the transformable fire curtain are
shown in Figure 18.
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Figure 18. Manufacturing of Sample No. 6: (a) installation of a layer of nonwoven thermal insulating
material; (b) installation of foil material; (c) installation of intumescent mesh.

For Sample No. 6, the large-scale fire test was terminated at 60 min by order of the
technical customer. The limit state for the loss of thermal insulating capacity (increase in
temperature on the unheated surface of the structure by more than 140 °C on average)
was reached at the 15th minute of the experimental study. According to the results of the
test, at 3 min, smoke was recorded at the seams of the cloth; the integrity of the sample
was preserved (Figure 19). It was found that Sample No. 6, with overall dimensions 3.0 x
3.0 m, consisting of fiberglass, mesh with intumescent composition and foil material (total
thickness of 12 mm), has a fire resistance limit under the standard temperature conditions
of E60 (loss of integrity) and I15 (loss of thermal insulating capacity).

(b) (c)

Figure 19. Sample No. 6 at the time interval: (a) before the start of the test; (b) at the 10th minute of
fire exposure; (c) at the 60th minute of fire exposure.

The results of temperature distribution on the unheated side of the curtain are shown
in Figure 20 (the average temperature values of the thermocouples installed on the
samples are shown). The different location of the thermocouples across the section of the
samples is shown in Figure 9.
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Figure 20. Experimental and calculated temperature curves of Sample No. 6 under standard
temperature conditions.

3.4. Discussion

When simulating the considered samples of fire barrier (Sample No. 1-Sample No.8),
three perspective samples were chosen for small-scale research: Sample No. 6, containing
fiberglass, mesh with intumescent composition, foil material and heat-shrinkable fabric
on the edges; Sample No. 7, consisting of one layer of aerogel and heat-shrinkable fabric
on the edges; and Sample No. 8, consisting of one layer of aerogel, one layer of ceramic
canvas and heat-shrinkable fabric on the edges. These samples were selected based on the
temperature dependencies on the unheated sides of the samples, obtained by simulation,
and demonstrating the expected fire resistance limits of E60 (loss of integrity) and 130 (loss
of thermal insulating capacity).

The small-scale tests for Samples No. 6-No. 8 showed good correlation with the
temperature curves obtained by simulation and confirmed the fire resistance limit E60 and
I30 for Sample No. 6 and the fire resistance limit E60 and 145 for Sample No. 8. The small-
scale test for Sample No. 8, which had a thicker fabric, confirmed the assumption that the
fire resistance limit of thermal insulating capacity increases with the thickness of the fire
curtain. Sample No. 7, which consisted of one layer of aerogel with a thickness of 12 mm,
lost its integrity (parameter E) at the 28th minute of the fire test.

A small-scale test revealed that when designing a large-size sample, preference
should be given to a more flexible sample to improve the ability to roll up and down
during operation.

As can be seen from Figure 20, the temperature curve for a large-scale test grows at
a higher rate than the temperature curve for a small-scale test of the same fire curtain
sample, while simulating the heating from the temperature distribution allows for the
prediction of the behavior of a small-scale sample. According to the results of a large-scale
study, a fire-resistant canvas of sample No. 6 with fire resistance limit E60 and I15 was
obtained; that is, the large-scale sample did not reach the required fire resistance limit on
the loss of thermal insulating capacity. This result can be explained by the scale factor of
the design, which is a combination of various factors: stronger tension of the transformed
canvas, horizontal (in a small-scale test) or vertical arrangement of the canvas (in a
standard large-scale test) relative to fire exposure in a fire test, higher thermal insulating
capacity between the piercing cells. Foil material rupture in the dimensioned canvas and
irregular swelling of the mesh relative to the large piercing cells in the canvas are also
likely to occur.
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4. Conclusions

The creation of means of protection for the structural elements of buildings from fire
hazards requires the solution of several problems; namely, the creation of non-
combustible, heat-resistant products and structures with high strength properties that
meet the requirements of fire safety, and the development of coatings and engineering
solutions that can help the structures achieve the necessary fire resistance limit.

The task set in the study is solved by the multilayer fabric, which contains a heat-
treated silica fabric, aluminum foil, mineral fiber heat insulation material, stitched by
needle-punching with silica thread, fabric reinforced with fiberglass mesh and stitched
through with basalt thread, with seams treated with fire-resistant elastic sealant.

As a result of the standard large-scale experimental study, the loss of integrity of the
fire curtain sample occurred at 65 min from the start of the test, and the loss of insulating
capacity of the sample occurred at 15 min from the start of the test (sample No. 6 of the
transformable fire barrier was assigned a fire resistance rating of E60/I15), despite the
positive data in the simulation and small-scale experiment (because it is difficult to predict
the loss of canvas integrity by simulation, as well as the effect of the large-scale factor in
standard tests). Future studies should use the results of small-scale tests with a larger
margin on the loss of insulating capacity (on the order of 20%); that is, to take into account
the large-scale factor of the structure, which affects on the fire resistance of the canvas as
a function of the dimensions of the structure.

The large-scale factor can be determined by conducting experimental studies of
different dimensions of transformable barriers. The values of this factor and its weight,
obtained by relating the time to reach the limit state in the experimental study of one
sample (with certain dimensions) to the time to reach the limit state of another sample
(with other dimensions), will be a large-scale factor that takes into account the difference
in fire resistance of fire curtains depending on their size.

The development of a transformable barrier canvas with increased fire resistance
limits is a promising direction for the authors, while, as the present study has shown, it is
necessary to take into account the large-scale factor as a certain coefficient, depending on
the dimensions of the heat-insulating plane, which is exposed to fire.

The challenge of this type of development is to limit the thickness of the thermal
insulation layer to allow the canvas to be rolled up, and its strength and elasticity to ensure
the reliability of the product. In this regard, it is promising to consider thermal insulation
with very low thermal conductivity and the use of a thermal expansion layer, which will
geometrically increase the thickness of thermal insulation.
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