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Abstract

According to the results of the conducted studies, the adequacy of the mathematical models of cable tunnels for their further use in the
study of the temperature regime of the fire was checked. For this purpose, full-scale tests and findings about the dynamics of temperature
change in cable tunnels with known geometrical parameters and fire load were conducted at the experimental test site of the Ukrainian
Civil Protection Research Institute (Kyiv).

In one of the CFD software systems, a mathematical model of a cable tunnel similar to the actual one was created. A computational ex-
periment was conducted. Based on the results of the computational experiment and field tests, the criteria for adequacy (Student's t—
criterion, Cochran's Q—criterion, Fisher's F—criterion) and the relative error of the experiments were calculated. On the basis of the analy-
sis, the adequacy of the used mathematical models was studied.

In this article, further development of the use of computational experiments to study the heat and mass exchange processes during fires in

cable tunnels.
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1. Introduction

The problem of fire safety of electric cables existed in the past and
continues to exist in the present. Significantly, the increase in the
number of fires in cable communications was due to an increase in
the number of cables used for control and management of electri-
cal equipment in modern industries, as well as the use of general
industrial applications for soil layers without additional measures
for their fire protection. In addition, the development and im-
provement of telecommunication networks of Ukraine's general
use is carried out in accordance with the Concept of the develop-
ment of telecommunications in Ukraine with the application of the
latest telecommunication technologies in line with international
standards, taking into account the technological integrity of all
networks and telecommunication facilities, improving efficiency
and sustainability of operation. When designing and constructing
cable networks, in particular cable tunnels building must be com-
plied to ensure that the fire resistance of the construction struc-
tures of the cable tunnels comply in case of fire.

Cable products are constantly evolving and improving.

For tests on the fire resistance of building structures of cable tun-
nels, a standard temperature regime of fire is used which may not
correspond to fire mode in a real cable tunnel.

Investigation of the temperature regime of the fire is a topical
issue, as the cable tunnels are notable for different geometric con-
figuration, the type of cables laid in them, fire load and aerody-
namic characteristics. This can lead to the fact that the temperature
of the fire in such tunnels may differ from both the standard and
each other. In this case, it is not possible to guarantee the conform-

ity of the limits of fire resistance of the tested constructions to the
current norms. In this case, the safety of people and property can
be significantly reduced during fires in cable tunnels.

In order not to conduct expensive tests for the study of the subject,
it is possible to carry out such studies based on the results of com-
putational experiments. Modern software for modeling of thermal
processes by means of computer gas dynamics (CFD) allows to
take into account all necessary parameters of the studied processes
and to study the influence of geometrical and structural character-
istics of the furnace for tests of reinforced concrete structures on
the quality of the data obtained.

2. The Analysis of Literary Data

Many scientists were and are engaged in investigations of temper-
ature regimes, in particular, in the tunnels. For example V. M.
Roitman in his study [1] proposed the temperature regime of the
fire in tunnels.

The work [2-4] studied the dynamics of the development of fires
in cable structures and the behavior of building structures in case
of high temperatures. both real and computational experiments
were applied.

In work [5] it is established that the width of the tunnel has little
effect on the rate of burnout of the fire load. The work [6] de-
scribes a group of full-scale experiments. The temperature distri-
bution in tunnels with different ventilation conditions was meas-
ured. The numerical simulation [7] analyzed the causes of fires in
tunnels. The work [8] is devoted to the analysis of the parameters
of burning rate of insulation of a PVC cable. The linear propaga-
tion speed of fire at different types of cable laying was considered.
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Despite the practical significance of such results, there is no evi-
dence of verification of mathematical models in cable tunnels
based on experimental data. In the previous work [9], the method-
ology for conducting an experiment on modeling a fire in a cable
tunnel, which was developed on the basis of normative documents,
was substantiated. The process of conduction is described and the
results of the experiment on determining the temperature regime
of a fire in a cable tunnel according to the developed method are
presented. The obtained data became the basis for the verification
of computer models of fires in cable tunnels and the determination
of the temperature regime of fire for testing fire resistance of
building structures of cable tunnels.

3. The Purpose and Objectives of the Research

The purpose of the work is to verify the adequacy of CFD-fire
design models in cable tunnels created in the Fire Dynamics Simu-
lator 6.2 software based on experimental data for their further use
in the study of the effect of fire load and design characteristics of
cable tunnels on the temperature regime of the fire.

To achieve the purpose, the following tasks are addressed:

1. Calculating the criteria for the adequacy of mathematical mod-
els of fire in cable tunnels created in the Fire Dynamics Simulator
6.2 software based on experimental data (Student's t—criterion,
Cochran's Q-criterion, Fischer's F—criterion).

2. Calculating the relative error of mathematical modeling results
from experimental data.

3. Concluding on the efficiency of thermal process simulation for
conducting further studies of temperature regimes of fire in cable
tunnels.

4. Presentation of the Main Research Material
with Full Justification of the Results

4.1 The Results of the Full-scale Experiment

The experimental research was conducted at the testing ground of
the Ukrainian Civil Protection Research Institute (Kyiv) using the
method described in [9]. Two experiments were conducted for
correlation of results, each with duration of 30 minutes.

The temperature-time dependence in the cable tunnel on the re-
sults of experimental studies on each of the 30 installed thermo-
couples is shown in Fig. 1.
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Fig. 1: The temperature—time dependence in the cable tunnel on the results
of experimental studies on each of the 30 installed thermocouples (see

Figure 2).

Diagram of thermocouple arrangement in a cable tunnel is shown
in Fig. 2.
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Fig. 2: Schematic of thermocouples arrangement in a cable tunnel. Row 1
of cable bundles less than 796 kg — above 791 kg; row 2 of cable bundles
less than 864 kg — above 861 kg: a — view along the length of the tunnel,
b — view of the cross section of the tunnel, ¢ — thermocouple identification.

Analysing the obtained graphs of temperature in the cable tunnel,
we can state that the highest temperature is observed in the area of
the fire cell near the cables. It varies from 700 to 1000°C, depend-
ing on the location of the control. Thermal energy propagates
more intensively towards the exit opening of combustion products.
The temperature varies from 300 to 500°C. In the zone between
the fire cell and the seat of the air support, the temperature is with-
in the range of 80-200 °C (Fig. 1).

4.2 Calculating Experiment

For a calculating experiment using the created mathematical mod-
el of the cable tunnel for testing, the following sequence of settle-
ment procedures is used.

1. Using CAD software, a geometric configuration of the cable
tunnel of the required size is created. Inside, models of cables,
steel corners, openings for the output of combustion products and
air space are created. The geometric model is imported into the
environment of the FDS settlement system.

2. The initial modeling parameters are presented, which are im-
possible to change during the calculation: the initial environmental
temperature, the air support on one side of the tunnel, the required
time of fire.
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3. The combustion process in the middle part of the tunnel is initi-
ated directly under the cables. For this purpose, a fire cube cell T,C
with the size 0.236 m® is simulated. 000 T,
4. During the calculation, the temperature monitoring of the corre- T e
sponding points in the tunnel and the temperature gradient is mon- 800 vl o To
itored online. 700 Eadl ) o T
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Fig. 3: The view of the cable tunnel model used for the computational
experiment: 1— a hole of exit of combustion products; 2 — a fire cell; 3 —a
metal corner; 4 — cables; 5 — air support zone.

In order to control the temperature regime, with the help of the
FDS computer system with 30 control points corresponding to the
locations of the thermocouples during the natural experiment (see
fig. 1) were created (shown in Fig. 4).
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Fig. 4: The scheme of location of temperature control points in a cable
tunnel: T1 — T30 — control points (fig. 1).

For the visibility of the process of heating the space of the cable
tunnel during the calculation experiment in computer models,
planes in which the temperature value is visualized with the help
of colors (“temperature flushing”) were created. Temperature
gradient in the model space of the cable tunnel is shown in Fig. 5.
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Fig. 5: Temperature gradient in the model space of the cable tunnel: a — 5
minutes, b — 30 minutes.

Taking into account the temperature distribution shown in Fig. 5,
the cable tunnels can be conventionally divided into 3 zones: a fire
cell, between a fire cell and an exit opening of combustion prod-
ucts, between the fire cell and the air space.

After completion of the computational experiment, the tempera-
ture data for each control site for the verification were obtained.

In Fig. 6 the graphs of the average temperature in different parts of
the cable tunnel during the calculation experiment are constructed.

Fig. 6: Average temperature in 3 zones of the cable tunnel: T,; — in the
upper part of the tunnel zone of the fire cell; T,, — at the bottom of the
tunnel zone of the fire cell; T, — the upper part of the tunnel zone between
the fire cell and the hole for exit of combustion products; T,, — at the bot-
tom of the tunnel zone between the fire center and the hole for exit of
combustion products; T, — in the upper part of the tunnel, the zone be-
tween the fire cell and the place of the air support; Ty, — in the lower part
of the tunnel zone between the center of fire and the place of air support.

4.3 Checking the Adequacy of the Mathematical Model

The adequacy check is carried out on the basis of experimental
information obtained as a result of the tests [9].

The following adequacy criteria were used to verify the adequacy
of the simulation results:

— Fisher's F—criterion. Using Fisher's criterion, it is possible to test
the hypothesis of the equality of general dispersions, temperature
variations at each minute of the test.

2
FeSo €
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where szy — variance of adequacy, sy2 — variability of reproduc-
ibility.

The dispersion of adequacy was calculated as the deviation be-
tween the estimated and experimental data for each of the thermo-
couples set during the field experiment and its corresponding tem-
perature measurement point in the mathematical model.

In the created model there are 30 places of temperature measure-
ment, during the experiment of thermocouples — 30. The data of
each of the thermocouples of the calculation were compared in
turn with the thermocouples of the experiment. Thus 30 values of
the dispersion of adequacy were obtained.
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where n — the number of temperature measurements, Y; — value

of the criterion in modeling, Xi — criterion value when tested.

Dispersion of reproducibility was calculated as a deviation be-
tween the results of two field experiments, taking into account the
experimental error [10].

S:=23 (v -y +19* @

where n — the number of temperature measurements, y — the tem-
perature of the second natural experiment, yj — the temperature of
the first natural experiment.
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Table 1: Parameters of the Dispersion of the Results of Mathematical
Modeling of the Process of Heat Exchange during a Fire in a Cable Tunnel
from Experimental Data.
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T, 54.3 14.1 104 | 2.42 1.81
T, 52.1 10.3 9.9 2.27 1.68
Ts 455 17.8 9.8 2.08 1.80
T, 45.6 17.9 116 | 2.43 1.93
Ts 20.2 6.1 7.3 1.84 1.23
Te 39.7 19.0 115 | 253 2.14
T; 49.4 17.2 11.7 | 2.77 1.95
Ts 46.3 14.9 9.8 2.17 1.69
Ty 50.2 13.1 8.1 1.98 121
Tio 59.5 20.2 10.1 | 2.06 1.78
T 51.1 21.0 10.0 | 2.04 1.78
T, 81.9 19.7 6.8 1.44 1.01
Tis 45.8 18.4 7.9 142 1.20
Ty 74.1 25.9 7.3 1.45 1.18
Tis 131.2 50.3 6.4 1.42 1.18

T 139.7 48.1 6.4 135 | 4.00 |117| 275
Ti7 132.8 48.0 6.5 141 1.14
Tis 109.2 46.4 5.7 1.32 1.15
T 1225 57.8 7.9 1.48 1.19
Tao 92.9 45.4 8.2 1.54 1.21
To 91.0 36.1 6.7 1.50 1.17
Ts 98.8 36.8 7.0 1.56 1.18
Tas 82.3 36.0 8.6 1.69 1.24
Ty 72.1 32.8 6.6 1.47 1.20
Tos 75.4 43.7 8.7 1.66 1.23
Tos 70.6 40.2 8.4 1.62 1.22
Ty 100.7 61.4 7.0 1.58 1.24
Tas 28.9 15.6 8.6 1.69 1.11
Ta 24.9 13.9 135 | 3.45 2.53
Tap 28.0 10.2 8.8 1.70 1.09
Average value 70.6 28.61 8.58 |1.78 1.84

Thus, we alternate 30 values of the dispersion of adequacy, com-
pare with the variability of reproducibility and calculate Fisher's
criterion.

All results are summarized in Table 1.

— Student’s t—criterion is used to compare the results of real and
computational experiments:
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where 512, S§ — estimates of the dispersion of the real and calcu-

lation experiment were calculated similarly to the Fisher's criteri-
on.

Thus when calculating the dispersion of the reproducibility, as the
deviation of the calculated temperature of the space directly near
the simulated thermocouple and the readings of the simulated
thermocouple, taking into account the experimental error 30 val-
ues of the criterion were obtained [9, 10].

The results are summarized in Table 1.

— Q — Cochran's Q criterion (estimation of emissions and quasi
emissions)

SZ
o St (6)

i=1

where S — the highest average deviation of the test results.

Q-criterion is used when comparing three or more samples of the

same volume. The dispersion between two natural experiments
and a calculation one at the location of each thermocouple was
compared. 30 criteria values were obtained. Emissions and quasi
emissions are not detected.
Analysing the comparison of the dispersion of the results of the
mathematical modelling of the heat transfer process during a fire
in a cable tunnel and experimental data (Table 1), it can be stated
that none of the values of the criteria of adequacy exceeds the
permissible values, the relative deviation is 8.58%, which shows
the effectiveness of the simulation of thermal processes for con-
ducting further studies of temperature regime of fire in cable
tunnels.

5. Conclusion

In this study, the adequacy of mathematical models of cable
tunnels for their further use in the study of the temperature re-
gime of the fire with the use of CFD Fire Dynamics Simulator
6.2 software system was checked and the efficiency of thermal
process simulation for further studies of the temperature regime
of fire in cable tunnels was proved. To achieve the goal, the
following tasks are accomplished:
1. The mathematical model of the cable tunnel, which is analo-
gous to the actual experiment carried out earlier was created [9].
A computational experiment was conducted.
2. Based on the results of the computational experiment and
natural experiments, the criteria for adequacy (Student’s t—
criterion, Cochran’s Q—criterion, Fischer criterion) were calcu-
lated. None of the criteria for the adequacy criteria exceeds the
permissible values. At critical values, Fisher's F—criterion is 4.00,
Student's t—criterion is 2.75, Cochran’s Q-criterion is 0.88 [11],
and their average values are: 1.78; 1.84 and 0.88 respectively,
and the maximum value did not exceed the critical one.
3. The relative deviation of the results of mathematical modeling
from the experimental data was calculated. It is 8.58%.
4. The results of the research show the effectiveness of the simu-
lation of thermal processes for conducting further studies of tem-
perature regimes of fire in cable tunnels.
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