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Abstract

Methods for stabilizing the external device have been investigated and proposed based on
the study of the mechanism for the occurrence of oscillations of the external device and the
mathematical description of the dynamics of movement of the "Helicopter—external fire extinguishing
device" system, consisting of synchronizing the movement of the helicopter and the external device in
flight and creating a rotational movement of the device around the vertical axis coinciding with the
central cable for attachment to the helicopter.

Introduction

Over the past two decades, the role of aviation in combating forest fires has
been increasing, as fires are becoming more numerous, threatening larger areas and
settlements. Along with the use of specialised aircraft, the use of various types of
helicopters and various types of external fire extinguishing devices of the “Bambi
Bucket” type (“BB4453”, “BB5566”, “BBHL5000”, etc.), manufactured by
SEI Industries LTD, Canada [1], is increasing. In the Republic of Bulgaria, one
Mi-17 helicopter and several AS532AL Cougar helicopters [2] with an external fire
extinguishing device “BB4453” with a capacity of 2,000 | are used in fire
extinguishing operations. However, the prediction of the behaviour of the external
fire extinguishing device during dynamic changes in helicopter flight parameters in
the environment is carried out primarily based on the experience of individual flight
crews. This is because the dynamics of the external fire-extinguishing device in the
flight of a firefighting helicopter have not yet been studied in sufficient depth.

To increase the safety of helicopter firefighting with an external fire-
extinguishing device, it is necessary to thoroughly study the characteristics of the
external device's dynamic stability and their effect on helicopter behaviour in
flight. Then, it is necessary to develop a set of methods, techniques, and modes of
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using a helicopter with an external fire-extinguishing device for performing
aviation activities in extreme conditions, such as extinguishing forest fires,
especially fires located in mountainous areas with highly rugged terrain.

Main issues for the flight dynamics of a helicopter with an external
fire-extinguishing device

One of the main problems is the identification of airflow disturbances taking
into account the complex aerodynamics of the flow around the blades of the main
propeller, fuselage, and tail rotor, as well as the identification of the characteristics of
the aerodynamic flow around the external device. Another main problem is the
determination of the boundaries of the dangerous zones for the deviation of the
moving elements of the structure relative to the external fire-extinguishing device,
for warning when approaching critical and emergency situations.

It is necessary to study the processes and develop effective methods for
extinguishing the oscillations of the external device in flight. Methods for manoeuvring
the helicopter with an external fire-extinguishing device must be developed and
subsequently tested in aviation practice. It is necessary to study the process of "falling"
of the helicopter in flight, in which the length of the central cable for attaching the
external device to the helicopter changes almost instantly, which affects the oscillation
period of the external fire-extinguishing device.

To study the dynamic motion of a helicopter with an external fire-
extinguishing device, it is necessary to develop complex mathematical models. In the
considered system “Helicopter—External Fire Extinguishing Device”, in complex
spatial motions, the degrees of freedom reach almost fifty. The Lagrange-2 method is
not suitable for solving differential equations of motion of systems with many
degrees of freedom and a set of non-potential forces, especially in the case of control
systems with feedback-based regulation algorithms.

One of the most important issues for ensuring the safety of firefighting
flights with helicopters and external devices is the creation of aviation simulators
for training flight crews, in which the aerodynamics and flow dynamics of the
helicopter and the external device can be reproduced as a dynamic system with
many degrees of freedom, under non-potential forces and control effects.

Developing methods to dampen oscillations of an external device attached
to a central cable on a helicopter in flight is very important because the helicopter
has some of the most difficult and dangerous flight modes to control. These
dangers associated with helicopter control in flight increase when the helicopter is
considered as a single system with the fire-extinguishing device.

On the other hand, there are requirements in several international
documents developed by international and national organisations [3-6] that require
further research into the issues of formalising procedures for assessing aviation
safety when performing helicopter flights with an external fire-extinguishing
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device for extinguishing fires. The International Civil Aviation Organisation
(ICAO) develops standards, regulations, procedures, and recommended practices
on aviation safety, which are disseminated to aviation operators worldwide.

Aircraft flight safety assessment based on ICAO standards

ICAO Annex 19 contains comprehensive provisions applicable to safety
management functions related to or in direct support of the safe operation of
aircraft. It emphasises the importance of State safety management in several
aviation areas [7]. The annex provides recommendations to complement the State
(national) Safety Programme (SSP) and Safety Management System (SMS)
frameworks. The annex also includes recommendations (provisions) for State
monitoring and oversight of aviation safety (through specialised State bodies), as
well as an obligation to collect, analyse, exchange and protect safety information.

Safety Management Standards and Recommended Practices are designed
to assist States in managing aviation safety risks, in coordination with their service
providers [8]. Given the increasing complexity of the global air transport system
and its interconnected aviation activities required to ensure the safe operation of
aircraft, safety management provisions support the continuous development of a
proactive safety improvement strategy. The foundation of this proactive safety
strategy is based on the development and implementation of a State Safety
Programme (SSP) that systematically addresses safety risks, consistent with the
implementation of safety management systems (SMS) by service providers.

ICAO guidance documents on the principles and concepts of safety
management, the State Safety Programme (SSP) and the implementation of the
safety management system are contained in the ICAO Safety Management Manual
(SMM) (Doc 9859) [9]. To respond to the needs of the diverse aviation community
implementing safety management and to new recommendations arising from the
materials, discussions, and views expressed at the second High-Level Safety
Conference held in 2015, a supplement to the 4th edition of the SMM has been
developed.

The other related and applicable aviation safety document is the
international standard 1S0O-8402:1994 [10]. It provides definitions and terms
related to quality management and quality assurance, as well as tools and
techniques for quality assurance and management.

The following definition is adopted in Doc 9858-AN/460: “Flight safety is
a state of the aviation system in which the risk of causing harm to property or
personnel does not exceed an acceptable level”.

From the analysis of the accepted concept of flight safety, it follows that
“risk is such a state with predictable (definable) possible harmful consequences for
the elements of the system in the studied flight situations, provided that in the
system under some threats a dangerous (or risky) random event R with negative
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consequences of the type of loss Hy may occur”. The concept of risk assessment R
is mathematically defined by the following formula [11]:

(1) R=A(we|uy, Hr, %),

where: A, is an event with a criticality sign (~), separated from the set of possible
events A,e{A;}
wg is an elementary event with a randomness symbol;
Uy is an indicator of the randomness frequency, i.e. how often events of
type A, occur;
T, is a set of conditions that characterise the functioning of the aviation
system, for example, “a helicopter with an external fire extinguishing
device in flight to extinguish natural fires”.

Research shows that formula (1) is universal for many types of air
transport. It allows the level of aviation safety for the helicopter to be determined
by the level of danger, which determines the significance (level) of the risk as the
value of R - an integral function of the estimated amount of danger in the studied
aviation system:

2 R= f(lipHRmo)-

In this regard, it is important to establish the adequacy of aviation practice
to the following recommendations:

- influence of the helicopter on the dynamics of swinging of the external fire
extinguishing device as a pendulum [12]. It is known that if the complex
aerodynamics of the flow around the external device are not taken into account, the
influence of the helicopter is not significant, especially at small initial angles of
deviation of the central cable of the device from the vertical position;

- the mutual influence of the dynamics of the two components of the
connected system "Helicopter-external fire extinguishing device" without external
critical disturbances is sufficiently reliably described as a conservative dynamic
system without damping using the model of an ideal spherical joint [12];

- to assess the influence of the "failure” of the central cable attachment point
of the external device on the magnitude of the device's oscillations, which will
allow the crew to determine control modes when manoeuvring to extinguish the
oscillations.

Of interest is the determination of the degree of influence of the movement
of the point of attachment of the central cable to the helicopter on the studied
system “Helicopter-external fire extinguishing device” and for assessing the
possibilities for damping the oscillations of the external device.
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Some practical methods and means for combating the longitudinal-
transverse swing of the external device are known: reducing the flight speed;
creating vertical and horizontal acceleration of the helicopter, i.e., changing the
movement characteristics of the central cable attachment point. In this case, it is
important to study and determine how the central cable attachment point of the
external device should move to extinguish the oscillations of the external fire-
extinguishing device as quickly as possible.

Damping of external fire extinguishing device oscillations in flight

Let us consider the dynamics of the behaviour of two absolutely rigid
bodies connected by an ideal spherical joint (Fig. 1). In the diagram in Fig. 1,
body No. 1 (m,) is a supporting body, and body No. 2 (m,) is located below body
No. 2 (relative to the Earth), and we will call it a suspended body.

Fig. 1. Diagram of the interaction of two absolutely rigid bodies
connected to each other by an ideal spherical joint

Since an ideal spherical joint connects the two bodies, the interaction

between them can be described by only one force — ﬁcc, applied at the joint. As a
result, the equations of motion of the system of these two bodies can be written as

follows, with the force R... represented as an external force for each of the bodies.

As aviation practice shows, the main tool for damping oscillations is
improving helicopter control manoeuvres, the main manoeuvre being the
movement of the attachment point to the position of the external device. Thus, the
problems with damping oscillations are contained not in the dynamic system itself,
but in the complex manoeuvres of the helicopter and external influences (wind
gusts, rotation of the device, etc.).
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It is known from theoretical mechanics that the dynamics of motion of a

closed independent mechanical system with two degrees of freedom is nonlinear:

©)
(4)

(%)
(6)

(Fi+F) .  F .. F .. .
—=X+—=apcosp ——a@sinp =0,
g g % ¢ P ¢ ¢

L + %aa’c’ cos @ = Fyasin ¢.
After some transformations and partial linearization, we obtain:
(F, + F)% + F,ag — Fya@p?e = 0,
S
Ipd + jax + F,ap = 0.

The frequency of natural oscillations of the individual elements in

antiphase around the centre of mass depends on the length of the central cable I,
and the ratio of the masses m, and m,.

Maneuvering methods to suppress oscillations of the external

fire-extinguishing device
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Fig. 2. Maneuvering scheme for extinguishing transverse oscillations
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Move the
attachment point




Several scientific studies [13—15] confirm that the “Helicopter—external fire
extinguishing device” system is a conservative dynamic system without damping.
The main method for damping the oscillations of the external device is to control
the helicopter by moving the Cycle Stick (CS) to perform manoeuvres to “move”
the attachment point of the central cable of the device to the helicopter in all phases
of oscillations.

The most general and rational way to extinguish the lateral sway of the
external device is (if possible) synchronisation of the movement of the helicopter
and the external fire extinguishing device [16, 17], as shown in Fig. 2. For
example, if the external device in the process of swaying has “moved” to the right
with a sufficiently large amplitude and period of oscillation. The crew should
create a right bank and glide, and in this way try to “catch up” with the device.
With the next movement to the left, the next “catch up” can be done faster and
easier.
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Fig. 3. Manoeuvring scheme for extinguishing longitudinal oscillations
of the external fire extinguishing device
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A similar method can be applied to eliminate the longitudinal sway of the
external fire-extinguishing device, as shown in Fig. 3. The only difference is that
the longitudinal oscillations of the external device are significantly more dangerous
for the safe completion of the flight. This is due to the fact that in order to “calm
down” the oscillations, it is necessary to apply multidirectional movements of the

249



helicopter control stick in the longitudinal direction, so that by changing the pitch
angle 9,; a normal (vertical) force can be created for the “Helicopter—external fire
extinguishing device” system. However, these manoeuvres pose a potential danger
of the main propeller blades approaching the tail propeller blades. It should be
noted that such a method of extinguishing oscillations is significantly complex for
the flight crews and requires significant professional experience and long-term
training in helicopter piloting techniques.

Conclusion

To improve the algorithm for performing aviation procedures for
extinguishing natural fires with a helicopter with an external fire-extinguishing
device and to increase the productivity of activities, it is proposed to use a
technology for working in the fire area in pairs. While one helicopter fills the
“BB4453” with water, the other helicopter empties its external device in the fire
area. Then the first helicopter flies to the fire area, and the other flies along the
route to fill the “BB4453” with water, etc.

Based on the study of the mechanism for the occurrence of oscillations of
the external device and the mathematical description of the dynamics of the
movement of the “Helicopter-external fire extinguishing device” system, methods
for stabilising the external device in flight have been proposed. This involves
targeted control-unit movement to synchronise the helicopter and the external
device in flight and create rotational motion around the vertical axis, coinciding
with the central cable for attachment to the helicopter.

The possibility of extinguishing the oscillations of the external
fire-extinguishing device by performing manoeuvres by the helicopter flight crew
has been studied. Recommendations have been developed for eliminating the
longitudinal and transverse oscillations of the external fire-extinguishing device in
flight.

References

1. SEl Industries LTD. | Engineered Solutions. www.sei-ind.com /product-families

2. AS332L1 “Super Puma”. Instruction Manual T1. Eurocopter Services. EADS Company.
2006. 443 p.

3. International Civil Aviation Organization. Annex 19 — Safety Management. ICAO. 2016.
46 p. ISBN 978-92-9249-965-5.

4. Doc 9422-AN/923. Accident Prevention Manual. First Edition — 1984. Approved by the
Secretary General and published under his authority. International Civil Aviation
Organization (ICAO). 150 p.

5. GASP Doc.10004 (ICAQ doc 10004 — Global Aviation Safety Plan), Edition 2023-2025. 159 p.

6. Federal Aviation Regulations. Part 133 Rotorcraft external-load operations. Federal
Aviation Administration. http://rgl.faa.gov/regulatory and_guidance_library/rgfar.
nsf/daa4c54debeb6dca86256f3400626ab0/6903eb806090a5a1852566h700694990

250



7. Annex 19 to the Convention on International Civil Aviation. International Standards and
Recommended Practices. Safety Management. First edition 2013. 44 p.
ISBN 97892-9249-232-8.

8. ICAO SARPs — Standards and Recommended Practices.
https://www.icao.int/safety/safety management/pages/sarps.aspx

9. ICAO Doc 9858-AN/460.
https://www.icao.int/safety/safetymanagement/pages/guidance material.aspx

10. International Standard 1SO 8402. Second edition. 1994-04-01. Quality management and quality
assurance — VVocabulary. https:/Amww.scribd.com/document/505594059/ISO-8402

11. Kuklev, E. A., S. S. Pavlov. Evaluation of the possibility of dropping the rope with an
empty container at large angles during its transportation by helicopter. Scientific
Journal MGTU GA. Aeromechanics and Strength Series. 2007. No. 119.
pp. 128—133 (in Russian language).

12. Zagorski, N. Study of the oscillations of a physical pendulum with a movable
suspension point. Xlth International Scientific Conference “Scientific Research,
Technology and Innovation — the Basis for Building New Defense Capabilities”,
June 2-3, 2022, Plovdiv, Institute of Defense — Ministry of Defense, Proceedings,
pp. I-74-1-81. ISSN 1312-2916 (in Bulgarian language).

13. Kozlovsky, V.B., M.S. Kublanov, Mathematical model of helicopter flight with cargo on
external suspension // Science. MGTU GA Gazette No. 72. Ser. “Aeromechanics
and strength”. M.: Ed. MGTU GA, 2004. pp. 5-9 (in Russian language).

14. Stuckey, R. A. Mathematical Modeling of Helicopter Slung-Load Systems. Department
of Defence. Defence Science and Technology Organization DSTO-TR-1257.
Fishermans Bend. Victoria. Australia 3207. 2001. 113 p.

15. Zagorski, N. Flight safety of a helicopter with an external fire extinguishing device and
the influence of the device parameters on some of the balancing characteristics of
the helicopter. Annual International Scientific Conference of the “G. Benkovski”
Bulgarian Air Force Academy, Dolna Mitropolia. 2022, ISSN: 2738-716X,
p. 26-32 (in Bulgarian language).

16. Cicolani, L. S., G. Kanning. Equations of Slung-Load Systems, Including Multilift
Systems. NASA Technical Paper 3280. National Aeronautics and Space
Administration. Office of Management. Scientific and Technical Information
Program. 1992. 132 p.

17. Zagorski, N. Forces and moments acting in flight on the fuselage of a helicopter with an
external fire extinguishing device. Forces and moments created by the tail rotor.
Proceedings SES'2022, Space Research and Technology Institute Bulgarian
Academy of Sciences, 2022, ISSN: p-ISSN 2603-3313 e-ISSN 2603-3321,
pp. 151-156 (in Bulgarian language).

18. Flight safety. State of Flight Safety in the World. ICAO. 2013 Edition. H3C5H7. 54 p.
www.icao.int

19. Zagorski, N. Aviation safety and impact on the reliability of data from different sources of
physical sizes. Aerospace Research in Bulgaria, 35, Bulgarian Academy of Sciences.
Space Research and Technology Institute, 2023, ISSN: p-ISSN 1313-0927,

DOI: https://doi.org/10.3897/arb.v35.e14, pp. 145-155.

251



OCHUI'YPABAHE HA BE3OITACHOCT HA XEJIMKOIITEP
C BLHIITHO MMOKAPOTACHUTEJIHO YCTPOMCTBO
3A T'ACEHE HA IIOXAP ITPU EKCTPEMAJIHU
METEOPOJIOI'MYHU YCJIOBUA B ITOJIET

H. 3azopcku

Pe3ome

B HacTosiliata cratvsi ca M3CIEABaHU U ca MPEJIOKCHH CIIOCOOM 3a
cTabnim3anysi Ha BBHIOTHOTO MOXKAPOTACHUTEIHO YCTPOHCTBO Ha OCHOBaTa Ha
HU3CJICABAHC Ha MEXaHHM3Ma 3a BB3HHKBAHC Ha KOJ'I66aHI/I$I HAa BBHIIHOTO
yCTpOﬁCTBO U Ha MATCMAaTHUYCCKO OIIMCAHMC Ha IWHAMHWKA Ha IBIKCHHC Ha
cucTeMara ,,XeJIUKONTeP—BBHIIHO M0KapOTacCUTETHO YCTPONHCTBO , CHCTOSIIHU CE B
CI/IHXpOHI/ISaLII/ISI Ha OBUXXCHHECTO Ha XGJ’II/IKOHTepa 1 HAa BBHIIHOTO yCTpOﬁCTBO B
IIOJICT U Cbh3JaBaHC Ha B’preJ'II/IBO JOBIOKCHHUEC Ha yCTpOfICTBOTO OKOJIO
BepTHKAJIHATA OC, ChBIAJaIla C L[CHTpadHWs Kalel 3a 3aKkayBaHE KbM
XEJHUKOMTEpa.
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