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ABSTRACT

The historical background of the creation of the predecessors of robotic fire suppression system (RFSS) — plants
homing to the fire is described. The information on the successful use of mobile robots in the military, police, fire
protection, unmanned aircraft, industry, transport, construction, agriculture, social sphere, for the investment of
human life conditions, during scientific research is presented. There are shown fundamental differences between
stationary RFSS firefighters from mobile robots. The practical reasons preventing the implementation of the wi-
despread use of RFSS at the end of the last century are indicated. Brief information on the use of robotic fire moni-
tor (RFM) for liquidation of the accident at the Chernobyl NPP is given. The analysis of the results of experimental
and theoretical studies of the point of standing and scanning jets is carried out. There are described the main prob-
lems encountered in the design process of RFSS, which include RFM. It is shown the status of fire robots techno-
logy abroad. Russia’s positions in the creation and production of RFM, in the development of the regulatory frame-
work in relation to RFSS have been noted. The basic terms and definitions on navigation and parameters of fire
extinguishing agent supply are formulated. The analysis of the main provisions of normative documents on the de-
sign and testing of RFSS is carried out. Comparative full-scale tests of domestic RFSS and foreign sprinkler auto-
matic fire extinguishing system are presented, made by the Denmark company COWI A/S. Variants of the algo-
rithm of functioning of the detection and navigation of the trunk of RFM to the fire with respect to the error of aiming
and positioning are investigated. Different variants of implementation of the principle of operation of modern
RFSS are considered.
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Abbreviations S, ontact— contact area of FEA and surface to be protected,
AFSS — automatic fire suppression system; X — the coefficient taking into account the spreading
MFA — model fire area; over the horizontal protected surface (at the coverage
FEA — fire extinguishing agent; intensity corresponding to the average coverage inten-
RFM — robotic fire monitor; sity of the ellipse); X > 1;

WMS — water mist stream; Y — the coefficient taking into account the spreading

RFSS — robotic fire suppression system; over the vertical protected surface (at the coverage in-

L, —length of flame area taking into account position-  ¢onsity corresponding to the average coverage intensity
ing inaccuracy and dead zone of targeting detector at ¢ ellipse); ¥ > 1;

the time of extinguishing agent contact with the surface e
o — angle of positioning inaccuracy;

to be protected;

Lyme — flame length; B — angle of dead zone of targeting detector;

Lsp,ay — spray area; y — additional coverage angle due to flowing down of
L.y1aes— length of FEA contact area with surface tobe ~ FEA on the vertical surface to be protected (at coverage
protected; intensity equal to the coverage intensity at mid part of
Scoverage —— coverage area, an elhpse),
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O — additional coverage angle due to spreading out of
FEA on the horizontal surface to be protected (at co-
verage intensity equal to the coverage intensity at mid
part of an ellipse);

0 — angle of attack of FEA straight stream and spray
stream;

A — actual range of coverage angles;

A — rated range of coverage angles;

&,, &,—the coefficient taking into account the increase
in the area of FEA coverage, respectively, due to its
flowing down on the vertical or spreading over the hori-
zontal surface;

o — range of coverage angles, taking into account
the spreading out of FEA over horizontal protected sur-
face;

1 — angle of positioning inaccuracy;

P4 — angle of vision of targeting detector;

Prem — RFM monitor elevation angle;

¢ — angle of RFM elevation correction with respect to
the vision line of the targeting detector;

v — activation zone of targeting detector;

® — range of scanning angles.

Terms and definitions

Vibrating compact stream or sprayed stream of FEA:
compact stream or sprayed stream of FEA with small
oscillations (less than 2°) around its axis in one or two
planes;

range of fire extinguishing agent stream: the distance
along the axis from the fire monitor to the epicentre of
FEA contact spot with fire area;

high-angled stream: a stream falling from above to
the sprinkler area;

oscillating (pendulous) straight stream or sprayed stream:
uniform cycle oscillations of stream or sprayed stream
controlled by rigid and non-reprogrammable program
with stable parameters for supplying of FEA regardless
of the size of the fire area and distance from fire area to
robotic fire monitor;

positioning inaccuracy: deviation of the initial coordi-
nates of the straight stream, the sprayed stream of FEA
or scanning raster after a certain time or a certain number
of cycles;

robotic fire monitor: a stationary automatic robotic fire
extinguishing equipment with function of targeting to
fire area, its fire monitor has several degrees of mobility
that is movement-limited; robotic fire monitor operates
according to an algorithm of the reprogrammable control
device that provides monitor targeting to the fire area
and supply of FEA for the elimination or containment
of fire or cooling of process equipment and building
structures;

robotic fire suppression system (RFSS): automatic fire
suppression equipment consisting of a combination of

several fire robot monitors connected by a common re-
programmable control system for fire detection and po-
sitioning to the fire area;

scanning: cyclic movement of robotic fire monitor
controlled by a specific program;

scanning (line) straight stream or sprayed stream: straight
or sprayed stream generated by the RFM and perio-
dically moving in the horizontal and vertical planes;
sliding stream: stream with an angle of attack to the co-
verage area 90° > 0 > 0;

static (quasi-static), or stationary, straight stream or
sprayed stream: straight or sprayed stream of FEA,
made by the stationary RFM, with permissible minor
periodic deviations (less than 1°) from the centre line of
FEA;

accuracy of RFM positioning when feeding a straight
stream or a sprayed stream of extinguishing agent:
the deviation between the programmable coordinates
of the fire monitor position and its actual coordinates
when feeding FEA;

angle of attack: angle at which a straight stream or spray-
ed stream of FEA is fed to the fire area;

angle of elevation: the angle between the horizontal plane
and the axis fire monitor;

correction angle @: deviation of the fire monitor angle of
elevation with respect to the sighting angle of the target-
ing detector;

frontal stream: a stream quasi-perpendicular to the fron-
tal coverage area, 0 = 90°;

efficient radius of extinguishing agent feed: the maxi-
mum range of FEA stream, in the final part of which the
required hydraulic parameters (intensity and coverage
area) are provided for the fire extinguishing or contain-
ment.

1. Historical background —
predecessors of modern robotic fire
suppression systems (RFSS)

It is hardly to imagine the rapid growth of labour
productivity in industry without the intensive develop-
ment and implementation ofa variety of robotic techno-
logy complexes. The technical progress was the result
of systematic international and national programs for
creation of various-purpose robots for production and
public tasks.

The gains in the field of mechatronics of robotic sys-
tems (mechanics, artificial intelligence, perception means,
artificial vision, software, digital engineering) allowed
to range new frontiers in the development of [1, 2]:

e adaptive (sensor-based) robots, the operating pro-
gram of which purposefully changes the sequence or
nature of actions depending on the controlled para-
meters of the working environment and/or the func-
tioning of the robots themselves;
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o intelligent robots, the operating program of which
can be fully or partially generated automatically
in accordance with the set task and depending on
the state of the working environment.

These robots have been successfully applied in mi-
litary science [3, 4], unmanned aviation [5], police [6],
fire protection [7-9], industry [10, 11], transport [12],
construction [ 13], agriculture [14, 15], the social sphere
[16, 17], for improving the living conditions of a person
[18, 19], scientific research [20].

In fact, all these robots including those designed for
fire-fighting are mobile, made on the basis of wheeled
or tracked chassis. And only industrial robots, designed
for assembly, welding or painting works, are mostly
stationary devices whose moving kinematic links have
several degrees of freedom. Reasoning about the future
of robotics, many experts still consider the develop-
ment of mobile devices, especially anthropomorphic
ones, minimization of intelligent robots’ aggressiveness
and elimination of errors in the interaction of humans
and robots are to be priority areas [21, 22].

Unfortunately, modern advances in science and tech-
nology, implemented in the field of robotics, even in re-
centyears, can hardly be implemented in relation to sta-
tionary RFSS for the following reasons:

e firstly, modern fire robots are not so much reprog-
rammable devices as remotely controlled machines;

e secondly, though seemingly straightforward of RFSS,
they must perform various functions related to fire
detection, determining the coordinates of RFSS po-
sitioning relative to the fire seat taking into account
an angular misalignment, choose of the most optimal
ballistic properties of static or scanning stream of
FEA and hydraulic parameters of localization or fire
suppression.

In this regard, the development of modern RFSS
is based on the works made in the USSR in the second
half of the 20™ century.

The first attempts to create the predecessors of fire
robots — self positioning devices — were undertaken
at All-Russian Research Institute for Fire Protection
of Ministry of Russian Federation for Civil Defense,
Emergencies and Elimination of Consequences of Na-
tural Disasters in the mid 60°—early 70° of the last cen-
tury. Three designs were proposed, they completely dif-
fered by [23-25]:

e drive type (electric, water or oil hydraulic drives);

e sensor type of detectors (four dimensional diode IR
matrix; two IR photoconductive resistors, the view-
ing angle of one of IR photoconductive resistors is
limited by the horizontal gap, and the other one —
by the vertical gap; and one UV photon counter,
which viewing angle depends on the gap diaphragm
limited from above);

o fundamentally different methods of positioning on
the fire seat (to the energy centre of the fire, to the flame
edge, under the flame edge).

A detailed description of these devices is given in
[26, 27].

In those days, self-positioning devices did not gain
widespread due to the imperfection of the drives, the low
level of development of microprocessors and machine
vision systems. In their principle of operation, they had
the elements of adaptation and “hard” programming but
did not have the ability to promptly change the control
operating with respect to the fire area location and
phases. A significant disadvantage of self-positioning
systems was the supply of FEA with fixed fire monitor
(stationary stream), i. e. no monitor scanning within
the angular coordinates of the frontal flame zone, dis-
tance determination and automatic change of the fire
monitor elevation angle to the object to be protected.

The result of the further development of automatic
fire suppression systems was stationary RFM, experi-
mental samples of which were first developed under
the direction of N. L. Popov and Yu. I. Gorban for the pro-
tection of Kizhi wooden architecture monuments [28].

After the accident at the Chernobyl Nuclear Power
Plant (Chernobyl NPP), one of the primary tasks was to
clean the roof (about 110x30 m in size) of the 3™ power
unit from radioactive contamination. By the telegram
of Minister of Internal Affairs of the USSR A. Vlasov,
three RFMs were sent to the Chernobyl NPP, they were
installed with the help of helicopters at around 70 m of
the roof of the 3™ unit and were successfully used to re-
move radioactive debris, pieces and dust from it. Thus,
due to RFM, it was possible to save the health of many
people, and first of all, soldiers of chemical troops, who
would have to carry out this operation manually.

At the same time, analysis of the fire robotics as of
the time of the Chernobyl accident [29, 30] showed that
of the 54 types of robots known at that time, only six
were stationary, and four RFMs were domestically pro-
duced (jointly developed by “Engineering centre “FR”
LLC (Petrozavodsk Design and Technology Institute)
and VNIIPO).

The main problem at the initial stage of RFM de-
velopment was to determine the effect of the scanning
speed on FEA effective range, in order to take this fact
into account when calculating the distance between two
adjacent RFM. For this purpose, experimental and the-
oretical studies of the ballistics of scanning streams
were carried out (Fig. 1) [31].

Similar dependences of the effective range of
scanning straight streams on the angle of inclination of
the fire monitor PLS-20 were obtained for the feed
pressure range of 0.6—1.0 MPa and with nozzle dia-
meters of 25, 28, 32 and 38 mm.
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Fig. 1. Dependence of the range of scanning straight streams
on the inclination angle of the fire monitor PLS-20 (at a pressure
of 0.6 MPa, nozzle diameter 28 mm): / — static (quasi-static)
straight stream part boundary; 2 — stream scanning speed
3 deg/sec; 3 — the same, 6 deg/sec; 4 — the same, 9 deg/sec;
5 — the same, 12 deg/sec; 6 — the same, 18 deg/sec

According to the results of studies of the scanning
streams ballistics, it was determined that in the studied
range of pressures and nozzle diameters:

e atascanning speed of 3 deg/sec, the range of straight
stream is reduced by 16 % compared to the quasi-
static stream, 6 deg/sec — by 20 %, 9 deg/sec —
by 30 %, 18 deg/sec — by 50 %;

e optimal scanning speed for a Class A fire should not
exceed 6 deg/sec, and the scanning step on the hori-
zontal plane at a distance of 20—40 m with nozzles
of 28 or 32 mm should not exceed 0.5 m.

New automatic fire suppression technologies based
on the state-of-the-art RFSS significantly expanded
the technical capabilities of automatic fire supression
systems. Nowadays, in our country RFSS find ever-
widening applications for fire protection of extended
various purpose premises, tank farms, wood storage
places, and ground-based complexes in the petroche-
mical industry. The well-known Russian manufacturers
of RFSS are: Limited liability company “Engineering
centre of fire robots technology “FR” and International
Association Systemservice, and Uralmekhanika LLC,
Nizhnevolzhsky Industrial Holding Company, Scien-
tific and Production Center Fire Fighting Systems LLC.
Moreover, abroad the use of remote-controlled fire mo-
nitors are still limited.

Moreover, Russia leads the world in the develop-
ment of the legal framework with respect to RPM and
RFSS. Almost 20 years ago, the Fire Regulations NPB
84-2000 [32] were developed for the first time in world
practice, these Regulations specified the general tech-
nical requirements and test methods of the RFSS. Cur-
rently GOST R 53326-2009 is valid. The requirements

for the RFSS are also specified by Article 116 of the Fe-
deral Law No. 123-FZ “Technical Regulations on Fire
Safety Requirements” (hereinafter — the Federal Law
No. 123) [33].

Abroad requirements to Foam Monitors, Automatic
Oscillating and Electrically Operated Monitors Systems
are set in the FM 1421 standard [34], which will take
effect only on May 1, 2019.

The Norwegian company COWI A/S has become
interested in using low flow rate water mist RFM of type
FR-LSD-S4Ub-IR-WM (manufactured by “Engineer-
ing centre of fire robots technology “FR” LLC) to pro-
tect wooden architecture monuments. At COWI A/S
(Denmark), comparative field tests of these RFM with
an Automatic sprinkler system with a sprinkler tradi-
tional automatic fire suppression system and water mist
AFSS [35] were carried out.

The tests were carried out in high wooden panel
rooms and on external walls with a height of 7 to 10 m.
In conclusion, it was noted that in terms of water flow
rate, extinguishing time, burning, wetting area and char
depth of eight compared types of automatic fire sup-
pression systems, the best results were demonstrated by
ceiling-installed robotic nozzles (i. e. low flow rate RFM).
They provide the registration of the fire area much faster
than the sprinkler automatic fire supression systems,
systematically and quickly extinguish it with a lumped
water mist stream, and they are more efficient than three
sprinklers by 1.6 times. In case of stronger fire, even
K57 sprinkler (rated response temperature is 57 °C) is
completely inefficient. The high speed and controlled-
angle of FEA stream, directly into the fire area, allows
reducing damage from charring, water, wetting and
smoke formation. Low flow rate RFM provides bring-
ing the 3—4 MW fire under control; if the fire power is
above 4 MW, automatic fire suppression systems based
on sprinklers and sprayers with a rated response tempe-
rature of 57 °C turned out to be absolutely inefficient.
The mass of water used to extinguish fires by means of
sprinkler automatic fire suppression systems within
10 min was 0.7-2.4 tons. Low flow rate RFMs com-
pared to sprinkler automatic fire suppression systems
allow to reduce the water flow rate by more than 70 %,
and the charring area — by almost 15 times. Fire was
extiguished by sprinkler automatic fire suppression
systems in a few minutes in less than 1 of the 3 cases;
in 1 of the 3 cases the fires were brought under control,
and in 1 of the 3 cases the fires were not extinguished
at all within 10 min (that means, before the arrival of
the fire departments).

Tests to determine the fire extinguishing ability of
the FR-LSD-S10Ub-IR type RFM and a low flow rate
water mist FR-LSD-S4Ub-IR-WM [7] type RFM ac-
cording to the program and test methods developed by
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the Engineering centre of fire robots technology “FR”

were conducted in 2018 at the testing site of the centre.

A general view of the Engineering centre of fire ro-
bots technology “FR” facilities is shown in Fig. 2 [36].

The initial parameters and the results of the RFM
test are given in Table 1.

When two FR-LSD-S10Ub-IR were tested, they
were installed on one side of the model fire area. In both
tests, model fire area was extinguished efficiently.

Photos of tests are shown in Fig. 3-5.

It should be noted that in the technically leading co-
untries the actual printed works on the RFSS are almost
absent, nevertheless three Russian materials [36-38]
were published from 2016 to 2019 in the foreign perio-
dicals on this topic!

New modern fire extinguishing technologies with
the use of fire robots, made on the basis of fire monitors,
are presented in the book [39]. It shows the origins of
RFSS development in Russia, the successive improve-
ment in their design, the use for eliminating the conse-
quences of man-made catastrophes, as well as the pos-
sible aspects of their use for protecting unique objects
of various purposes. The basic concepts of hydraulics
in fire and stream ballistics, as well as flammable mate-
rials and fire extinguishing agents used in the fire moni-
tors are considered.

The operation principle of modern RFSS can be im-
plemented in the following versions:

e the general vision system of RFSS registers the fire,
determines the size and coordinates of the fire area
and transmits a command to target one or several
RFMs; after targeting the corresponding RFMs to
the fire area, they begin, in the mode specified by
the program, to feed FEA to the fire area;

o the general vision system of RFSS registers the fire
and transmits a command to its RFMs to detect the
fire area; after targeting detector of one of the RFMs
finds the fire area, it determines the size and coor-

Fig. 2. Robotic fire monitors: @ — ceiling-installed mini-
monitor (firefighting mini robot) FR-LSD-S10Ub-IR;
b — ceiling-installed mini-monitor (firefighting mini
robot) FR-LSD-S4Ub-IR-WM; I — monitor with
nozzle; 2 — fire detector and fire source targeting de-
vice; 3 — vertical rotation electric drive; 4 — horizontal
rotation electric drive; 5 — electric drive for the for-
mation of a straight stream or a sprayed stream; 6 —
program control unit

‘-!-
k=
|

Fig. 3. Location of the RFM of type FR-LSD-S10Ub-IR at a height
of 7.5 m (@) and 3.2 m (b) during testing

dinates and transmits a command to target RFM to

the object to be protected.

The RFSS control system allows to create several
programmed modes for the supply of FEA in the form
ofboth static and scanning straight streams or a sprayed
stream. The other RFMs are either targeted by the RFSS
control system, to the same fire area, or, if this is not re-
quired, do not take part in extinguishing the fire. The angle
of the stream can vary up to 90°.
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Table 1. The initial characteristics and the results of testing of the robotic fire monitors (RFM) of the type FR-LSD-S4Ub-IR-WM and

FR-LSD-S10Ub-IR

FR-LSD-S10Ub-IR
Parameter FR-LSD-S4Ub-IR-WM FR 1 ‘ FR 2
Type of standardized fire (MFA) in accordance with GOST R
51057-2009 0.5A A
Distance between RFM and MFA, m 12.0 26.5 ‘ 25.0
Distance between RFM 1 and RFM 2, m _ 20
RFM altitude above ground level, m 32 75 ‘ 3.2
MFA base height above ground level, m 0.4 0,8
RFM pressure of fire extinguishing agent (FEA), MPa 0.4 0.6 0.6
RFM flow rate, 1/sec 4 10 10
RFM angular scanning speed at FEA supply, deg/sec 3
Scanning angle with relative to the MFA center, deg:
— horizontal +10 +5 +3
— vertical _ 5 10
FEA supply starting time from the moment of the MFA ignition, min:sec 08:49 11:26
Duration of fire extinguishing until complete MFA burnout from the mo-
ment of the FEA supply, min:sec 6:40 7:58

The significant advantage of the RFSS over sprinkler
automatic fire suppression systems is the ability to de-
tect and bring under control the fire area with the area
of just 0.1 m* concentrating the supply of FEA with
the same standard flow rate for both the automatic fire
suppression system and the RFSS. For RFSS, the time
to register and target RFM to the fire area is no more
than 30 sec, and for sprinkler automatic fire suppres-
sion systems it exceeds 5 min. However, within these
5 min a fire can become uncontrolled, and may not be
taken under control at all.

At the same time, it should be taken into account
that any angular inaccuracy (positioning, angle of FEA
attack, targeting, targeting detector or elevation of RFM)
of 1° at a distance of 20 m leads to the displacement of
a straight stream or a sprayed stream of FEA or the scan
raster or path on 0.35 m, with an inaccuracy of 2°,
the amount of displacement is almost doubled. Is 1° or 2°
alot or a little? Assume that the positioning inaccuracy
with respect to the flame is two-sided. Then, it is neces-
sary to enlarge the spot of FEA from a diameter of 0.5 to
0.7 and 1.4 m respectively at the time of contact with
the object to be protected. The coverage area will also
be increased from 0.2 to 1.13 and 2.84 m>. However,
if flow rate is the same, the coverage intensity will sig-
nificantly decrease: by 5.65 and 14 times, respectively!
If to sum inaccuracy for several positions, the coverage
intensity will drop even more significantly. Neverthe-
less, even under these conditions and ensuring quasi-
uniformity of coverage, e. g. due to the vibrating or os-

cillating feed of FEA, the coverage intensity will be about
0.5 1/(sec'm?), i. e. for the group of premises 1 it will
exceed the standard value for sprinkler by 6.25 times.

For ceiling-installed RFM, it is most expedient to
ensure the supply of FEA to the fire center. However,
for floor standing RFM, neither this method, nor even
the method of positioning to any arbitrary point located
on the flame edge, with small distances between the fire
monitor and the fire area and significant flame sizes,
do not give satisfactory results in extinguishing effici-
ency, since FEA do not affect directly into the fire area,
but penetrates through the high-temperature area, covers
the remote area not subject to fire.

The targeting angle at the same distance between
the fire area and the sighting of the fire monitor depends
on the fire size (Fig. 6) [26, 27].

For example, at the same distance from the fire mo-
nitor, but at different heights and fire areas, the energy
centres of large flame A1l and smaller flame B1 have
different polar coordinates relative to the axis of the
monitor O. The targeting angle to the fire area also de-
pends on its size: the bigger is the fire, the bigger is the
range of targeting angle (a; > B,).

Targeting angular inaccuracy for any point on the fire
edge, for example, C, or C,, may be even bigger (y, > B;;
V2> By).

In this regard, when extinguishing class B fires, it is
mostly preferred for floor standing RFSS to feed FEA
under the flame edge, since regardless of fire size, FEA
is fed directly to the fire area, as a result the fire extin-
guishing efficiency is significantly increased.
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MFA 00:00 Ignition

05:00 Fire development 11:00 Fire development

13:55 Extinguishing

19:24 End of extingishing - o Result of extinguishing
Fig. 4. Testing of the RFM of type FR-LSD-S10Ub-IR at extinguishing of the MFA class 4A
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2. Particularities of fire suppression by
stationary (static) and scanning streams RFM

In connection with significant achievements in
the field of RFM design and RFSS software, widespread
introduction of these technical means for fire protec-
tion of various-purpose objects, the emphasis in resear-
ches has been shifted to solving practical issues related
to the development of regulatory requirements for
the RFSS design.

=

r I

* Result of extinguising -
Fig. 5. Testing of the water mist RFM of type FR-LSD-S4Ub-IR-WM at extinguishing of the MFA class 0.5A (the height of the water
mist RFM is 3.2 m)

The main problems in the RFSS design process in-
cluding the RFM, arise when determining the distance
between adjacent RFMs; choosing a fire detecting me-
thod; determining the angle of elevation of the RFM
monitor, the allowable fire size (area of fire that needs
to be covered); the choice of the type of FEA stream or
stream (straight or sprayed, static, vibrating, pendulous
or scanning), the method for determining the distance
to the fire area, the nature of stream ballistics (high-
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Fig. 6. The supply methods of the FEA to the fire from RFM: A,
B, — energy centers of the larger and the smaller flames that are
at equal distance from the RFM; B, — energy center of the re-
mote flame; C,, C, — points located on the contours of the flames;
oy, By, Ba, V1> Y2 — the angular coordinates of the FEA supply
relative to the flame edge

angled or frontal); when deciding what needs to be ac-
hieved when feeding FEA — spray the entire fire area at
once or provide scanning within the fire area.

These positioning parameters determine the calcu-
lation of FEA flow rate and the intensity of coverage
of the object surface to be protected when exposed to
a water stream.

The projection of the coverage spot of high-angled
or frontal static (standing) or horizontal scanning streams
made by the RFM, depending on the angle at which
the stream is spayed to the object to be protected, as
a particular ideal case can take the form of a circle or
more often an elongated ellipse.

The extinguishing of fires by static or small scann-
ing streams (frontal, sliding or high-angle), formed
by the RFM, has a number of significant features com-
pared to extinguishing fires by spraying streams dis-
persed from sprinkler and drencher automatic fire sup-
pression systems, which must be taken into account
when designing an object’s fire protection:

e Dbefore extinguishing fire in accordance with the al-
gorithm of RFM operation, the automatic detecting

2 a
) Pdet /
” 1 h
\=
X
b
e b
/\ 1
\
W ]
2 Pdet

Fig. 7. Examples of sighting of the fire targeting detector: a —
frontal, to the edge of the flame; b — to the centre of the hori-
zontal surface of the fire load (or energy centre); / — protected
object; 2 — fire targeting detector; /¥ — detector sighting line;
/, b, h— length, breadth and height of the protected object; x —
detector sighting point; p,,; — sighting angle of the fire targeting
detector

fire coordinates, search for flame and targeting

the fire monitor to fire should be provided (Fig. 7);

o fire extinguishing can be carried out with static (sta-
tionary), vibrating, oscillating (pendulous), and
scanning (moving in angular coordinates) streams;

e incase of line scanning with the RFM, each point of
the protected area is to be periodically exposed to
FEA spot;

e thelength and number of lines in the scanning raster
depend on the type and overall dimensions of
the fire area to be protected (location of combus-
tible materials, process equipment, etc.), as well as
on the diameter of FEA straight stream or sprayed
stream,;

e when protecting an object of certain linear dimen-
sions, the range of scanning angles and consequently
the duration of the scanning cycle depend on the di-
stance between the RFM and the protected area;

e therange of scanning angles, besides the maximum
permissible linear dimensions in width and depth of
the fire load, is also determined by the accuracy of
the RFM positioning to the fire area (by positioning
and positioning inaccuracy, 1. €., working out the cyclic
program);

o algorithm for RFM targeting to the fire area, the type
of fire detection equipment, and the coordinates of
the fire monitor targeting to the fire area are select-
ed depending on the tasks complexity (Fig. 8);

e thenecessity to supply FEA stream under edge or to
the flame epicentre is determined by the aggregate
state of the fire load and the type of FEA;

e stream delivery range depends on the scanning speed,
RFM pressure and the angle of elevation of the RFM
monitor;

o feeding of FEA stream (compact or sprayed) should
be carried out taking into account the angle of cor-
rection depending on the distance between the RFM
and the object to be protected (fire area) (Fig. 9).
The bigger are distances L and / between RFM

and fire area, the bigger are angles @, pgpy and py,,

At L>1 we have: ¢, > @p; Prems > PREM-15 PderL ~

Z Pdet-1.

When designing the RFSS, one of the following op-
tions of the functioning algorithm for fire detection and
RFM positioning to the fire area can be implemented:

1 — registration of the fire area by a general view

fire detector or zone detector with the subsequent

transmitting the appropriate command to one or
more RFM for targeting to the fire area;

2 — registration of the fire area by machine vision

system (MVS) with the subsequent transmitting

the corresponding fire coordinates for automatic
targeting one or several RFMs directly to the fire
area.
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Fig. 8. Algorithm of the RFM targeting onto the fire source

Robotic fire monitors

General view detector

Fire targeting detector

Adaptive Programmed
‘ [
\ |
Vision system Fire detectors Visualization Organole?ptlc
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\ \ |
\ | \
Search according Accord}ng tq target Directly by operator
to program designation
\
| |
To edge To the energy To defined To the specified zone
of the flame centre flame zone of the protected
of the flame object
\ [ \
\
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Fig. 9. The dependence of the correction angle on the distance between the RFM and the fire source: a—at L > [;b—at! < L; | — RFM;
2 — targeting detector; 3 — fire source; 4 — RFM elevation line; 5 — detector sighting line; L, / — the distance to the fire source;
PREM-_L> PrREM-; — elevationangle of the REM; p ., 1, Puers — sighting angle of the fire targeting detector; ¢;, ¢;— correction angle

In the process of positioning and extinguishing
the fire, the RFSS control system should automatically

make decisions on determining:

o method of FEA stream feeding to the fire area (high-
angled sprayed stream, scanning streams or only

one stream under flame edge);

o FEA stream discharge angle, depending on the stream

range;

o theinitial FEA feeding (to horizontal or vertical sur-
face, above the edge of the protected area, at the fire
epicenter, under the flame edge or to the side con-
tour);

e correction angle (depending on the distance and
pressure of FEA stream).

When extinguishing a fire load caused by straight
combustible materials of low height, located on a hori-
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Table 2. Detector response time to test fire source

Test fire source

Test fire source characteristic

Detector response time,
sec, not more than

TP-2 Wood burning
TP-4 Polymer materials burning

TP-5 HFL burning with smoke

TP-6 HFL burning without
smoke

70 beech bars of 10x20x250 mm each, laid in 7 layers 370
3 polyurethane foam mats of 500x500x20 mm each 180

650 g of a heptane (97 % by vol.) and toluene (3 % by vol.) mix-
ture in a pallet of 330x330x50 mm

2000 g of mixture of an ethyl (90 % by vol.) and methyl
(10 % by vol.) alcohol in a pallet of 435x435x50 mm

240

510

zontal surface, or spills of liquid, FEA shall be fed
under flame edge. When protecting technological equip-
ment of complex configuration, it is advisable to cover
with several scanning streams. When protecting ver-
tical surfaces from thermal effects, it may be enough to
scan one stream into a given area (e. g. along the upper
edge of this surface).

3. Basic provisions of regulatory
documents on RFSS design and testing

The basic requirements and test methods of the RFSS
and RFM are given in GOST R 53326-2009, and the ge-
neral provisions on design are given in Set of rules
5.13130.2009 [40] (hereinafter SP 5) and in Administra-
tive Regulations for Fire Safety — Industry Standard
VNPB-STO [41]. However, when designing the RFSS
with respect to a specific object of protection, uncertainty
arises: which area-limiting fire areas can be brought under
control or localized, at what FEA flow rate, at what dis-
tance to the RFM (since this information is not avail-
able in the regulatory documents).

Before designing the RFSS, it is necessary to deter-
mine the maximum permissible dimensions of the fire
area (taking into account the inaccuracy of targeting to
the fire area and positioning inaccuracy), for which it
is still possible to ensure the localization or bringing
the fire under control, since these parameters determine
FEA pressure and flow rate, as well as the associated
ballistics of straight stream or sprayed stream. However,
the scanning range by with RFM monitor is determined
not only by the allowable size of the fire area, but also
by the inaccuracy of targeting and positioning.

In turn, the permissible dimensions of the fire area
depend on the sensitivity and operation speed of the fire
detection equipment and positioning duration of the RFM
monitor to the fire area, inaccuracy of targeting and
positioning. The fire detection speed is determined by
the sensitivity of the MVS, a general view detector (or
zone detectors), or targeting detector providing the RFM
positioning with required accuracy to target FEA straight
stream or spray stream to the fire area. The sensitivity
of the MVS and detectors depends on the flame radia-

tion intensity, its spectral characteristics and the distance
to the fire area.

According to GOST R 53326-2009, the sensitivity
of detectors is verified according to the method describ-
ed in GOST R 50898-96 that applicable only to the tested
TP-5 type fire area (Table 2). But even if we take into
account other fire areas, e. g. TP-2, TP-4, TP-6, then
they do not include the whole variety of combustible
materials.

The speed of the detectors permissible according to
GOST R 50898-96 (180-510 sec) is too high, but even
if the running time is less for real fire area, we need to
know how much. With an angular targeting speed of
9 deg/sec and the distance to the object to be protected
of only about 20 m and a speed of about 1 sec, the move-
ment on the front plane of the fire area will be about 3 m.
To reduce this time to a minimum, it is necessary the fire
to be registered by MVS with the subsequent transmitt-
ing the corresponding coordinates of the fire area for
automatic targeting of the RFM directly to the fire area
or by the RFM targeting detector, which moves toge-
ther with RFM monitor in the vertical and horizontal
planes and registeres the initial and final coordinates of
the fire area in the process of positioning and searching
for the fire area. It should be noted that the future is de-

_ O

o B Reverse
f \

Angle o, B

to To Tf 'C/‘ To tf

Time ¢, ©

Fig. 10. Angular rotations of the RFM monitor during targeting
at the fire source: a, § — angular rotations of the RFM monitor
in the horizontal and vertical planes; o, 0.7, By, By — the same,
in the initial and final position of the search cycle; #, T — duration
of the rotation in the horizontal and vertical planes; ¢, ¢, 19, 7 —
the same, at the start and the end of the search cycle; ¢, — reverse
duration
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Fig. 11. Types of streams: a, b— frontal; c—g— high-angle; a—c, e, f— fire source of a class A; d, g— center of fire source of a class B;
a—e— static (stationary) stream; f, g— scanning stream; / — protected object; 2— frontal stream; 3— high-angle stream; L — distance
between the RFM and the protected object; ¢ — the correction angle (between the detector sighting axis and the RFM axis); R — the
stream direction; /¥ — detector sighting line; /, b, # — length, breadth (depth) and height of the protected object; H — the RFM rotation

axis height

finitely in the machine vision system. Currently, inten-
sive work is being carried out on the use of MVS as an
independent fire alarm system and fire detection equip-
ment as part of the automatic fire supression system.

Curves of angular movements of RFM monitor in
the horizontal and vertical planes when positioning to
the fire area are shown in Fig. 10.

In actual practice, the spectral characteristic of fire
can significantly differ from a test fire. The high detec-
tor sensitivity according to GOST R 50898-96, e. g. to
the TP-5 type fire area, does not mean that it has an ac-
ceptable sensitivity to the radiation spectrum of real fire.

The targeting detector that searches and records the
angular fire coordinates, has a dead zone 3 on both sides
of the flame, to which it does not respond. In practice,
the stream is targeted to the fire area, firstly, with a certain
positioning inaccuracy at an angle o and an angle posi-
tioning inaccuracy n due to specific features of the ki-
nematics of the driving system and the RFM control
system. According to GOST R 53326-2009, the maxi-
mum angle inaccuracy o should not exceed 2°.

In the method of determining the inaccuracy of RFM
targeting and positioning, given in GOST R 533262009,
it is not specified how this inaccuracy should be taken
into account when designing an RFSS and how it will
affect the given FEA flow rate. In this regard, the prob-
lems in justifying the FEA flow rate appear, since there
are no recommendations on the maximum permissible
inaccuracy for which the deviations in the Table 5.1-5.3
SP 5 [40] may be acceptable.

It should be noted that the advantage of RFSS in
comparison with the sprinkler automatic fire suppressi-
on system is the ability to extinguish the initial fire area
with a maximum flow rate (normatively equivalent for
both types of system), which flow rate is much higher
than for sprinkler automatic fire suppression system in
terms of speed and efficiency in the early stages of fire.
With increasing the fire area, the intensity decreases.

Atthe same time, it is necessary to take into account
the differences in the structure and shape of the stream
generated by sprinklers of automatic fire suppression
system and RFM. For any type of sprinkler, the main
parameter affecting on fire suppression efficiency is
the coverage intensity within a certain area to be pro-
tected. The FEA stream from the standard sprinkler is
usually targeted downward perpendicular to the hori-
zontal surface so the projection of the covered spot is
a circle. The RFM can generate both static and scann-
ing streams (frontal, high-angled), and the stream velo-
city vector, depending on the RFM location relative to
the protected object, can be positioned upward, hori-
zontally or downward (Fig. 11).

According to clause 7.1.9 of SP 5 [40], each point of
aroom or equipment to be protected must be within the
coverage area of at least two RFMs, and they can be lo-
cated either on one side relative to the object to be pro-
tected, or on opposite sides.

To be continued

MOXXAPOB3PbIBOBE3OMNACHOCTb/FIRE AND EXPLOSION SAFETY 2019 TOM 28 Ne3 m



- AUTOMATED SYSTEMS AND MEANS

7.

10.

11.

12.

13.

14.

15.

16.

17.

18.

REFERENCES

. Shanee Honig, Tal Oron-Gilad. Understanding and resolving failures in human-robot interaction: Lite-

rature review and model development. Frontiers in Psychology,2018, vol. 9, article no. 861.21 p. DOI:
10.3389/fpsyg.2018.00861.

. Analiticheskoye issledovaniye: mirovoy rynok robototekhniki [ Analytical study: robotic technologies

world market]. Moscow, Russian Association of Robotics Publ., 2016. 157 p. (in Russian). Available at:
http://robotforum.ru/assets/files/000_News/NAURR-Analiticheskoe-issledovanie-mirovogo-rin-
ka- robototehniki-%28yanvar-2016%29.pdf (Accessed 5 January 2019).

. G. E. Marchant, B. Allenby, R. C. Arkin, J. Borenstein, L. M. Gaudet, O. Kittrie, P. Lin, G. R. Lucas,

R. O’Meara, J. Silberman. International governance of autonomous military robots. In: K. P. Valavanis,
G. J. Vachtsevanos (eds). Handbook of unmanned aerial vehicles. Dordrecht, Springer, 2015,
pp. 2879-2910. DOL: 10.1007/978-90-481-9707-1_102.

. Michael Moller. UN meeting targets ‘killer robots’. UN News, 14 May 2014. Available at:

http://www.un.org/apps/news/story.asp?NewsID=47794 (Accessed 7 January 2019).

. M. L. Cummings. Unmanned robotics and new warfare: a pilot/professor’s perspective. Harvard Nati-

onal Security Journal, 24 March 2010. Available at: http://harvardnsj.org/2010/03 /unmanned-robo-
tics-new-warfare-a-pilotprofessors-perspective/ (Accessed 7 January 2019).

. 11 police robots patrolling around the world. Wired, 24 July 2016. Available at: https://www.wired.com/

2016/07/11-police-robots-patrolling-around-world/ (Accessed 5 January 2019).

Aleksey Boyko (ABloud). Catalog of firefighting robots. Firefighting robots. Robotic technologies
for firefighting (in Russian). Available at: http://robotrends.ru/robopedia/katalog-pozharnyh-robotov
(Accessed 5 January 2019).

. Chee Fai Tan, S. M. Liew, M. R. Alkahari, S. S. S. Ranjit, M. R. Said, W. Chen, G. W. M. Rauterberg,

D. Sivakumar, Sivarao. Fire fighting mobile robot: state of the art and recent development. Australian
Journal of Basic and Applied Sciences, 2013, vol. 7, no. 10, pp. 220-230.

. Firerobots and fire robots technology. Product catalogue 2015-2016. Petrozavodsk, “FR” Engineer-

ing Centre of Fire Robots Technology, LLC. Publ.,2017. 23 p. Available at: http://www.russchinatra-
de.ru/assets/files/ru-offer/FR%E4%BA%A7%E5%93%8 1 %E7%9B%AE%ES5%BD%952015
%E8%8B%B1%E6%96%87%E7%89%88.pdf (Accessed 20 December 2018).

Industrial robots — types and varieties. Robotic technologies, 3D printers. Top 3D company blog
(in Russian). Available at: https://habr.com/ru/company/top3dshop/blog/403323/ (Accessed 25 De-
cember 2018).

Tony Melanson. What Industry 4.0 means for manufacturers. Available at: https://aethon.com/mobile-
robots-and-industry4-0/ (Accessed 5 January 2019).

Catalog of robotic transport solutions. Transport and robots. Foreign solutions (in Russian). Available at:
http://robotrends.ru/robopedia/katalog-resheniy-robotizirovannogo-transporta (Accessed 10 January
2019).

Alexander Ruggiero, Sebastian Salvo, Chase St. Laurent. Robotics in construction. IQP Final Report
3/24/2016. Massport, 2016. 78 p. Available at: http://web.wpi.edu/Pubs/E-project/Available/E-pro-
ject-032316-150233 /unrestricted/FinalReport.pdf (Accessed 10 January 2019).

Robots in Agriculture. Available at: http://www.intorobotics.com/35-robots-in-agriculture/ (Accessed
5 January 2019).

Juan Jests Roldan, Jaime del Cerro, David Garzon Ramos, Pablo Garcia Aunon, Mario Garzon, Jorge
de Ledn, Antonio Barrientos. Robots in agriculture: State of art and practical experiences. In: Rolf
Dieter Schraft, Gernot Schmierer. Service Robots. New York, A K Peters / CRC Press, 2018. 228 p.
DOI: 10.5772/intechopen.69874.

E.van Oost, D. Reed. Towards a sociological understanding of robots as companions. In: M. H. Lamers,
F.J. Verbeek (eds). Human-Robot Personal Relationships. HRPR 2010. Lecture Notes of the Institute
for Computer Sciences, Social Informatics and Telecommunications Engineering. Heidelberg, Springer,
pp. 11-18. DOIL: 10.1007/978-3-642-19385-9 2.

A.vander Plas, M. Smits, C. Wehrmann. Beyond speculative robot ethics: a vision assessment study on
the future of the robotic caretaker. Accountability in Research, 2010, vol. 17, issue 6, pp. 299-315. DOI:
10.1080/08989621.2010.524078.

A.van Wynsberghe. Designing robots for care: care centered value-sensitive design. Science and Engi-
neering Ethics, 2013, vol. 19, issue 2, pp. 407-433. DOI: 10.1007/s11948-011-9343-6.

E POZHAROVZRYVOBEZOPASNOST/FIRE AND EXPLOSION SAFETY 2019 VOL.28 No.3



ABTOMATU3UPOBAHHBIE CUCTEMbI U CPEACTBA -

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

P. Robinette, A. Howard, A. R. Wagner. Conceptualizing overtrust in robots: why do people trust a robot
that previously failed? In: W. F. Lawless, R. Mittu, D. Sofge, S. Russell (eds). Autonomy and artificial
intelligence: a threat or savior? Cham, Springer, 2017, pp. 129-155. DOI: 10.1007/978-3-319-59719-5 6.
V. Efanov, M. Martynov, K. Pichkhadze. Space robots for scientific research. Nauka v Rossii / Science
in Russia, 2012, no. 1, pp. 4-11 (in Russian).

L. Royakkers, R. van Est. A literature review on new robotics: automation from love to war. International
Journal of Social Robotics, 2015, vol. 7, issue 5, pp. 549-570. DOI: 10.1007/s12369-015-0295-x.
S.Honig, T. Oron-Gilad. Understanding and resolving failures in human-robot interaction: literature re-
view and model development. Frontiers in Psychology,2018,vol. 9. DOI: 10.3389/fpsyg.2018.00861.
Automatic system with self-targeting of fire extinguishing agents onto the fire source. Pozharnoye delo
/ Fire Business, 1970, no. 2, p. 257 (in Russian).

A. 1. Veselov, M. G. Abdeev, P. G. Balagin. 4 device for targeting of a fire extinguishing stream onto
the fire source. Inventor’s Certificate USSR, no. 257300, publ. date 11 November 1969, Bull. 35
(in Russian).

L. M. Meshman. 4 device for targeting of a fire extinguishing stream onto the fire source. Inventor’s
Certificate USSR, no. 370950, publ. date 22 November 1973, Bull. 12 (in Russian).

A. 1. Veselov, L. M. Meshman. Avtomaticheskaya pozharo- i vzryvozashchita predpriyatiy khimiche-
skoy i neftekhimicheskoy promyshlennosti [ Automatic fire and explosion safety of the chemical and
petrochemical plants]. Moscow, Khimiya Publ., 1975. 280 p. (in Russian).

A. 1. Weselow, L. M. Meschman. Automatischer brand- und explosionschutz. Berlin, Staatsverlag
DDR, 1979. 200 sec. (in Germany).

N. L. Popov, Yu. I. Gorban. Fire robots. Pozharnoye delo / Fire Business, 1986, no. 7, pp. 20-21
(in Russian).

L. M. Meshman, S. N. Vereshchagin. Sovremennaya pozharnaya robototekhnika: obzornaya informa-
tsiya [Modern fire robotics: Overview]. Moscow, Main Information Center of the Ministry of Internal
Affairs USSR Publ., 1988. 42 p. (in Russian).

L. M. Meshman, V. V. Pivovarov, A. V. Gomozov, S. N. Vereshchagin. Pozharnaya robototekhnika.
Sostoyaniye i perspektivy ispolzovaniya: obzornaya informatsiya [Fire robotics. State and prospects of
use: Overview]. Moscow, VNIIPO Publ., 1992. 82 p. (in Russian).

L. M. Meshman, S. N. Vereshchagin, S. M. Shirokov, V. 1. Aldonyasov. Ballistics of scanning streams.
In: Pozharnaya tekhnika i tusheniye pozharov [Fire equipment and fire extinguishing]. Moscow,
VNIIPO Publ., 1990, pp. 61-66 (in Russian).

Fire Safety Standards 84—2000. Water and foam fire extinguishing installations robotics. General tech-
nical requirements. Test methods (in Russian). Available at: http://docs.cntd.ru/document,/1200016071
(Accessed 10 January 2019).

Technical regulations for fire safety requirements. Federal Law on 22.07.2008 No. 123 (ed. on 29.07.2017)
(in Russian). Available at: http://docs.cntd.ru/document/902111644 (Accessed 25 December 2018).
FM 142.1. Approval Standard for Fire Protection Monitor Assemblies. FM Approvals LLC, 2018. 28 p.
G. Jensen. Fire fighting systems: Comparison of performances of interior and exterior applications
at large wood buildings. KA PROJECT. Test report A075349. Final. Trondheim, COWI AS, 2018.
26 p. (in Norwegian).

Yu. I. Gorban. An automated fire-fighting complex integrating a television system. European patent
2599525B, publ. date 30 December 2015, Bull. 53.

Yu. I. Gorban. Fire robots. Industrial Fire Journal, 2016, no. 103, pp. 12—13.

Yu. I. Gorban. Robotized fire complex on basis of mini-fire robot-irrigators with remote access system.
Patent RU, no. 2677622, publ. date 17 January 2019, Bull. 2 (in Russian).

Yu. I. Gorban. Pozharnyye roboty i stvolnaya tekhnika v pozharnoy avtomatike i pozharnoy okhrane
[Firefighting robots, fire monitors and handline nozzles in fire automatics and fire protection]. Moscow,
Pozhnauka Publ., 2013. 352 p. (in Russian).

Set of rules 5.13130.2009. Systems of fire protection. Automatic fire-extinguishing and alarm systems.
Designing and regulations rules (in Russian). Available at: http://base.garant.ru/195658/ (Accessed
15 December 2018).

VNPB 39-16 (STO 1682.0017-2015). Robotic fire suppression system. Design rules and regulations.
Moscow, VNIIPO Publ., 2016. 84 p. (in Russian).

Received 12 January 2019; received in revised form 20 February 2019;
accepted 22 February 2019

MOXXAPOB3PbIBOBE3OMNACHOCTb/FIRE AND EXPLOSION SAFETY 2019 TOM 28 Ne3 m



- AUTOMATED SYSTEMS AND MEANS

Information about the authors

Leonid M. MESHMAN, Cand. Sci. (Eng.), Senior Researcher, Leading Researcher, All-Russian Research
Institute for Fire Protection of Emercom of Russia, Balashikha, Moscow Region, Russian Federation

Vladimir A. BYLINKIN, Cand. Sci. (Eng.), Head of Department, All-Russian Research Institute for
Fire Protection of Emercom of Russia, Balashikha, Moscow Region, Russian Federation; ORCID:
0000-0002-4034-2510; Scopus Author ID: 6506544327; e-mail: fire404@mail.ru

Yuriy I. GORBAN, General Director, Engineering Centre of Fire Robots Technology “FR” LLC, Petroza-
vodsk, Republic of Karelia, Russian Federation; ORCID: 0000-0002-4452-6798; e-mail: frgroup@firerobots.ru

Mikhail Yu. GORBAN, Technical Director — Chief Project Engineer, Engineering Centre of Fire Robots
Technology “FR” LLC, Petrozavodsk, Republic of Karelia, Russian Federation;
ORCID: 0000-0001-9191-426X; e-mail: kristinaz@firerobots.ru

Kristina Yu. FOKICHEVA, Lead Design Engineer, Engineering Centre of Fire Robots Technology “FR”
LLC, Petrozavodsk, Republic of Karelia, Russian Federation, ORCID: 0000-0003-2850-7324; e-mail:
kristinaz@(firerobots.ru

The name of Leonid M. Meshman is associated with a new direction in fire fighting —
fire robots and fire robotics industry. He headed this scientific direction at VNIIPO and in-
troduced new terms, concepts and regulations in fire safety. He faciliateed this new tech-
nology in Kizhi and Chernobyl, at NPPs and CHPPs. The result of this long-term develop-
ment was that Russia became the first country in the world where a new type of automatic
fire suppression systems, robotic fire suppression systems, are introduced by statute
and regulations. Now, the RFSSs protect hundreds of significant facilities throughout
the country and abroad.

With respect, Yu. Gorban

m POZHAROVZRYVOBEZOPASNOST/FIRE AND EXPLOSION SAFETY 2019 VOL.28 No.3





