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The object of the study is the process of 
forming force loads during the supply of fire 
extinguishing agents through a fire hose held 
by an unmanned aerial vehicle. The problem 
that was solved in the study is the lack of cal­
culation models of the joint action of the jet 
stream and the tension of the vertical hose 
line on a multirotor unmanned aerial vehi­
cle during high-altitude fire extinguishing, 
which complicates the selection of the hose 
mounting parameters and compensation for 
destabilizing moments. Empirical data were 
obtained on the distribution of reactive and 
static forces during the supply of fire extin­
guishing agents in the fastening nodes of 
the hose line suspension system and the fire 
hose using the developed installation at alti­
tudes of 30-50 m. It was established that with 
increasing altitude, primarily the static load 
on the suspension system increases. After sta­
bilization of the supply mode, the value of the 
force F6 is 340–350 N at an altitude of 30 m,  
366–390 N at an altitude of 40 m, and 396–428 N  
at an altitude of 50 m. The reactive force F5 
had lower values, but increased with increas­
ing pressure and nozzle diameter. At an alti­
tude of 40 m, the force F5 was 33–45 N. At 50 m,  
for a nozzle with a diameter of 5 mm, it was 
34–49 N, for a nozzle with a diameter of 6 mm, 
it was 54 N, and for a nozzle with a diame­
ter of 7 mm, it was 57 N. The highest loads 
were recorded at a pressure of 8 bar and noz­
zle diameters of 6–7 mm. The results show 
that the altitude determines mainly the stat­
ic load, and the reactive force depends on the 
pressure and nozzle diameter. For the math­
ematical description, a full factorial experi­
ment was used with the factors of the time of 
supply of fire extinguishing agents, pressure, 
and nozzle diameter. Interpolation regression 
relationships for reactive forces F1–F5 were 
obtained. The tension force F6 is described 
by a quadratic model taking into account 
time and altitude. A feature of the study is 
a comprehensive assessment of the jet reac­
tive force, tension force and loads at the bar­
rel fixation points. The obtained patterns are 
significant in view of the increasingly wide­
spread integration of unmanned aerial vehi­
cles into the firefighting industry. The results 
can be used to substantiate the design para­
meters of unmanned aerial vehicles during 
their design
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1. Introduction

The use of unmanned aerial vehicles (UAVs) in the field 
of fire safety is a promising direction in the development 
of emergency and rescue equipment. UAVs can be used to 
monitor the fire situation, detect ignition sources, as well as 
deliver and supply fire extinguishing agents to dangerous and 

hard-to-reach fire zones. Their use makes it possible to reduce 
the impact of dangerous fire factors on rescuers. The use of 
UAVs is especially relevant when extinguishing fires in high-
rise buildings, industrial facilities, warehouses and wooded 
areas. Extinguishing such fires is accompanied by: high tem-
perature, significant smoke, the presence of toxic combustion 
products and the threat of structural collapse [1].
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At the same time, the practical use of UAVs directly for 
extinguishing fires is associated with a number of technical 
limitations. These include limited payload and flight duration, 
the influence of wind loads, as well as a decrease in position-
ing accuracy in smoke and turbulence conditions. A separate 
technical task is to ensure a stable position of the UAV during 
the supply of fire extinguishing agents. In the process of water 
flowing out of the fire hose, a reactive force arises, directed 
opposite to the direction of the jet flow. In ground-based fire 
extinguishing systems, the effect of this force is compensated by 
the rescuer, the mass of the equipment or the supporting struc-
ture, while for the UAV it is an external destabilizing factor [2].

When supplying fire extinguishing agents through a fire 
hose installed on the UAV, reactive forces can cause a change 
in the spatial position of the device, violate its angular stabil-
ity and create additional moments that must be compensated 
for by the stabilization system. Therefore, the magnitude of 
the reactive force of the water jet must be taken into account 
when determining the design and operational parameters of 
the UAV intended for fire extinguishing.

In the case of supplying fire extinguishing agents through 
a suspended hose line, the load on the UAV is determined 
not only by the reactive force of the jet. The device is also 
affected by the hose tension force, caused by the mass of the 
water column, hydrodynamic processes that occur during its 
filling and subsequent supply of fire extinguishing agents. 
Therefore, the ratio of these components may vary depending 
on the supply pressure and the altitude of the UAV location. 
Therefore, determining only the reactive force on the fire hose 
is insufficient to assess the full force load on the UAV.

In this regard, it is necessary to study the force interaction 
between the water jet, fire hose, suspended hose line and UAV. 
The results obtained can be used to select the design and op-
erational parameters of the UAV, select the permissible modes 
of supply of fire extinguishing agents, as well as develop effec-
tive stabilization systems during fire extinguishing.

Therefore, study of the patterns of force loads on UAVs 
during the delivery of fire extinguishing agents through a fire 
hose is relevant. This can create a basis for a well-founded 
choice of UAV parameters and increase their stability during 
fire extinguishing.

2. Literature review and problem statement

Modern study in the field of UAV applications covers a 
wide range of issues related to improving their design, con-
trol systems, autonomous navigation, performing specialized 
tasks, and ensuring stability under the influence of external 
disturbances. In the case of using UAVs for firefighting, these 
tasks are supplemented by the delivery of fire extinguishing 
agents and substances, their directed delivery to the fire center, 
and ensuring the stable position of the device during such 
operations. Of particular importance are the force loads that 
arise during the delivery of fire extinguishing agents through 
the fire barrel and are transmitted to the UAV. They can affect 
the stability of the device, the accuracy of jet guidance, the op-
eration of the stabilization system, and the design parameters 
of fire equipment mounting nodes. The paper [3] systematizes 
modern directions in the development of UAVs, in particular 
the issues of their classification, design, autonomy, the use 
of artificial intelligence, group interaction, and cooperative 
control. The issue of UAV control is discussed in more detail 
in [4], where classical, nonlinear and intelligent control algo-

rithms are analyzed, taking into account the nonlinearity of 
the vehicle dynamics, parametric uncertainties and external 
disturbances. The results of these studies characterize the main 
trends in the development of UAVs and approaches to ensuring 
their stability and autonomy. At the same time, the force loads 
that arise during the supply of fire extinguishing agent through 
the fire hose and are transmitted to the aircraft are not directly 
investigated in [3, 4]. The possibilities of using UAVs directly 
during fire extinguishing are considered in [5, 6]. In [5], a UAV 
is proposed for extinguishing fires in dangerous and hard-to-
reach areas by delivering and dropping fire extinguishing balls 
to the fire center. In [6], a quadcopter is developed to support 
fire extinguishing, capable of carrying spraying equipment 
with a hose. The authors pay the main attention to the design 
characteristics of the UAV, its load capacity, flight duration and 
the ability to perform certain firefighting operations. Thus, 
these studies confirm the practical possibility of using the UAV 
in conditions of limited access to the fire center, but do not 
provide a quantitative assessment of the complex force interac-
tion between fire equipment, the flow of extinguishing agent, 
the hose line and the aircraft. The approach presented in [7], 
which considers a multirotor UAV connected to a flexible hose 
through which liquid is supplied under pressure to a nozzle 
installed on the aircraft, is closest to the problem under study. 
The authors investigate the interaction of the liquid flow with 
the flexible hose and the UAV and take into account the forces 
caused by it as external disturbances in the dynamic model of 
the aircraft. The reactive action of the jet on the nozzle is con-
sidered separately, and to ensure stability during the liquid sup-
ply, its active compensation by the control system is proposed. 
The results of physical experiments confirm the influence of 
hydrodynamic disturbances on the position of the UAV and the 
need to take them into account in the stabilization system. At 
the same time, the study [7] is not aimed at a systematic exper-
imental determination of the forces acting directly on the fire 
hose and the suspended hose line, while varying the pressure, 
nozzle diameter and UAV altitude.

Important for the analysis of force loads are works [8, 9], 
which investigated the reaction of the fire hose and the force 
interaction in the system "hose-nozzle-water jet". In work [8], 
based on the law of conservation of momentum, the reaction 
of the nozzle and the tension of the fire hose were analyzed. It 
was shown that the reaction of the nozzle is determined by the 
jet pulse flow, and for its calculation, parameters characterizing 
the diameters of the hose and jet, water flow rate and static 
pressure in front of the nozzle can be used. At the same time, 
the model adopted in this work is based on the assumption of 
a flexible hose in contact with a horizontal surface, which differs 
from the operating conditions of a suspended UAV hose line.

An experimental study of the recoil force of a fire hose 
line was performed in work [9]. The authors showed that the 
load perceived by the operator when working with the hose 
line is determined not only by the reaction of the nozzle, but 
also by the configuration of the hose and the method of its 
holding. In particular, the magnitude of the recoil force varied 
depending on the spatial position of the hose line. This result is 
important for the study of UAVs, since in this case the hose is 
in a suspended state, and its spatial configuration and the mass 
of the water-filled area create an additional load on the aircraft.

The hydraulic characteristics of fire hoses were investigat-
ed in [10]. According to the results of experimental tests, the 
characteristics of pressure losses for fire hoses of different di-
ameters were determined and the dependence of these losses 
on the parameters of the hose line and the flow regime was 
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established. Pressure losses determine the hydraulic condi-
tions of water supply and, depending on the specified system 
parameters, affect the pressure before the nozzle, the flow rate 
and the speed of the jet outflow. Accordingly, these character-
istics must be taken into account when analyzing the reactive 
load of the fire hose. At the same time, in [10] traditional fire 
hose lines were investigated without taking into account their 
vertical suspension at a considerable altitude and the load that 
such a hose line creates on the UAV.

A separate direction of the study is presented by 
works [11, 12], which consider flying water-jet fire extinguish-
ing systems. The fundamental feature of such systems is the 
use of water flow not only for extinguishing a fire, but also for 
creating controlled forces and moments that ensure the move-
ment and stabilization of the system. The works investigate the 
dynamics of such systems and approaches to controlling their 
spatial position by changing the parameters of water-jet drives. 
The results obtained indicate a direct connection between the 
characteristics of water jets and the dynamics of the system’s 
movement. At the same time, the design principle of water-jet 
systems [11, 12] is significantly different from a multirotor UAV 
with a suspended hose line. In water-jet systems, the reactive 
forces of the jets are used as a control influence. For a multiro-
tor UAV, the reactive force that occurs during the supply of fire 
extinguishing agent through the fire barrel is an external force 
load that must be taken into account and compensated for.

A similar principle is used in flying robots of the hose type, 
studied in works [13, 14]. Their design involves the creation 
of controlled reactive forces using water jets, which ensures 
the lifting, spatial movement and stabilization of the robot. In 
work [13], the possibility of stable maintenance of a hose robot 
in the air by controlling the direction of the resulting reactive 
force was experimentally demonstrated. This was further pre-
sented in work [14], where a system with several water nozzles 
designed to generate forces and moments necessary for con-
trolling the robot and performing fire extinguishing operations 
was studied. At the same time, such systems are structurally 
different from a multirotor UAV, since the hose is the main ele-
ment of the robotic system, and the reactive forces of water jets 
are purposefully used to ensure its movement. For a multirotor 
UAV that holds a fire hose and a suspended hose line, the cor-
responding force loads, on the contrary, must be compensated 
by a traction system and a stabilization system.

The issue of physical interaction of UAVs with the envi-
ronment is summarized in the work [15], devoted to aerial 
manipulation using multirotor platforms. It is shown that the 
possibility of creating and compensating forces during such 
interaction depends on the configuration of the aircraft, the 
placement of additional equipment and the available direc-
tions of formation of control forces. This justifies the need 
to take into account external force loads when choosing the 
structural and traction scheme of the UAV, as well as the pa-
rameters of its control system. At the same time, the work [15] 
is of a survey nature and covers mainly the mechanical con-
tact interaction of the UAV with objects, without separately 
considering the reactive action of the water jet and the load 
from the suspended fire hose line.

Close to the problem under study in terms of the nature 
of the force interaction are the works [16, 17], devoted to the 
use of UAVs for washing surfaces with high-pressure water. 
In [16], a multirotor aerial robot Flying Washer was devel-
oped, in which the reactive force arising during the outflow 
of water from the high-pressure nozzle is considered as an 
external load on the aircraft. To compensate for it, an addi-

tional traction system was used, which allows counteracting 
the reactive force without significantly changing the spatial 
position of the multirotor platform. Experimental results con-
firmed the possibility of compensating for such a load during 
water supply. In [17], a UAV equipped with a water supply 
system through a high-pressure hose was considered, and the 
reactive forces and moments arising during the operation of 
such a system were analyzed. The main attention was paid to 
modeling the force interaction of the "UAV-hose-jet" system 
and ways to reduce the impact of these loads on the aircraft. 
Studies [16, 17] confirm the need to take into account reac-
tive forces and moments when designing multirotor systems 
that supply liquid under pressure. However, these works are 
primarily focused on the technological cleaning of surfaces 
and involve fluid supply modes, nozzle designs, and operating 
conditions that are different from those typical for firefighting.

In [18], a three-dimensional hybrid kinematic-force model 
is proposed for estimating the force of a liquid jet created by 
an aerial robot during high-pressure water delivery. The mod-
el combines a kinematic description of the system with an 
estimation of the jet force at the point of its interaction with 
the surface and allows taking into account the spatial position 
of the nozzle, the distance to the target surface, and the flow 
parameters. The proposed approach was verified by the results 
of modeling and experimental studies using physical proto-
types. At the same time, work [18] is focused on estimating 
and controlling the jet force at the point of its contact with the 
surface and does not provide for a comprehensive determina-
tion of force loads in the "UAV – suspended hose line – fire 
hose" system, which is typical for firefighting tasks.

Analysis of works [3–18] shows that in the scientific 
literature, individual components of the problem under con-
sideration have been studied. In particular, the designs and 
control systems of UAVs have been considered, as well as the 
use of unmanned platforms for firefighting. Separate studies 
have been devoted to the interaction of aircraft with flexible 
hoses, the reaction of fire nozzles, the recoil force of hose lines 
and hydraulic losses in fire hoses. Methods of compensating 
external forces and moments in liquid-coupled air systems 
have also been studied. At the same time, the force loads in 
the configuration of a multirotor UAV for firefighting with 
a suspended hose line remain insufficiently studied. In such 
a system, the aircraft is simultaneously affected by the reactive 
force of the jet and the load caused by the mass and spatial 
position of the water-filled hose line.

In particular, it requires experimental establishment of 
the influence of the altitude of the UAV lift, the pressure in 
front of the fire hose, the diameter of the nozzle and the du-
ration of the supply of the extinguishing agent on the power 
parameters of the system. This justifies conducting full-scale 
tests at altitudes of 30–50 m with simultaneous determination 
of the forces in the fire hose mounting nodes, the jet reactive 
force and the tension force of the suspension system with sub-
sequent mathematical generalization of the results obtained. 
The established dependencies can be used as initial data for 
substantiating the design parameters of the UAV, the selec-
tion of permissible modes of supply of extinguishing agents 
and the determination of requirements for the stabilization 
system when designing a UAV for fire extinguishing. All this 
allows to state that it is advisable to conduct a study devoted 
to the experimental determination of the regularities of the 
formation of power loads on the UAV during the supply of ex-
tinguishing agents. Particular attention requires establishing 
the regularities of the influence of the altitude of the UAV lift,  
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the pressure in front of the fire hose, and the diameter of the 
nozzle. It is necessary to simultaneously determine the forces 
in the fire hose attachment points, the jet reactive force and 
the tension force of the suspension system. The obtained 
patterns can be used to substantiate the design parameters of 
the UAV, the permissible modes of supplying fire extinguish-
ing agents and the requirements for the stabilization system.

3. The aim and objectives of the study

The aim of the study is to determine the patterns of the 
formation of force loads on the UAV depending on the alti-
tude, pressure, nozzle diameter. This will allow to substantiate 
the design parameters of the UAV, the permissible modes of 
supplying fire extinguishing agents and the requirements for 
their stabilization systems during fire extinguishing.

To achieve the set aim, it is necessary to solve the follow-
ing objectives:

– to develop an experimental unit for studying the force loads 
that arise during the supply of fire extinguishing agents through 
the fire hose, with imitation of its retention by the UAV;

– to conduct experimental studies of the reactive forces 
that arise during the supply of fire extinguishing agents 
through the fire hose at altitudes of 30–50 m;

– to build regression models of forces F1–F5 based on a full 
factorial experiment;

– to build a quadratic regression model of the tension 
force of the suspension system F6 depending on the time of 
water supply and the lifting altitude;

– to analyze the response surfaces of forces F1–F6, to es-
tablish the features of the influence of the studied factors on 
the formation of force loads and to determine the limits of 
application of the obtained regression models.

4. Materials and methods

4. 1. The object and hypothesis of the study
The object of the study is the process of forming force 

loads during the supply of fire extinguishing agents through 
a fire hose held by a UAV. The scientific hypothesis is based 
on the assumption that the resulting force load on the UAV 
during the supply of fire extinguishing agents is formed as 
a complex non-additive effect of the dynamic reactive force of 
the jet and the tension of the suspended hose line and requires 
experimental study.

In the process of the study, it was assumed that the experi-
mental unit reproduces the main force interactions character-
istic of holding the fire hose of the UAV.

A simplification was adopted, according to which the 
force loads were studied without taking into account the 
dynamic reaction of the UAV and the operation of the stabi-
lization system.

4. 2. Experimental unit and measuring force parameters
Full-scale studies were performed on a developed exper-

imental unit designed to study the reactive forces that arise 
during the supply of fire extinguishing agents through a fire 
hose. A detailed description of this unit is given in section 5. 1.

4. 3. Plan of the field experiment
Table 1 shows the conditions for conducting the field ex-

periment.

Table 1
Conditions of the field experiment

Parameter Values

Lifting altitude h, m 30; 40; 50

Pressure in front of the barrel p, bar 4; 6; 8

Nozzle diameter d, mm 5; 6; 7

Number of repetitions 3 for each combination

Number of full-scale experiments  
in the work 81

For each altitude value, nine combinations of pressure 
in front of the barrel and nozzle diameter were investigated. 
Each combination of experimental parameters was repeated 
three times. Thus, 27 experiments were performed at each al-
titude, and the total number of field experiments for altitudes 
of 30, 40 and 50 m was 81.

4. 4. Experimental data processing
During each experiment, the force values from each dyna-

mometer were recorded every 2 s for 30 s of water supply. The 
values at time t = 0 were not taken into account, therefore, for 
each force parameter, 15 values were obtained at time points 
2, 4, 6, …, 30 s. Since six force parameters F1–F6 were deter-
mined simultaneously, 90 values were obtained within one 
experiment. In total, 81 field experiments were performed, 
therefore, the formed array of experimental data contained 
7290 values of force parameters. All force values were record-
ed in newtons (N).

During the processing of experimental data, the change in 
power parameters was analyzed during 30 s of water supply. 
The largest values of loads were determined separately and 
the nature of their change in time was assessed.

For further regression analysis, three characteristic time 
points were selected – 4, 14 and 24 s from the start of water 
supply. The values obtained at the 4th second characterized 
the initial stage of load formation and transfer, at the 14th sec-
ond – the transitional mode, and at the 24th second – the 
stabilized mode. The choice of the moment of 24 s was based 
on the analysis of the time dependences of power parameters, 
according to which by this time their change became insignif-
icant and the mode acquired a stable nature. Data recorded in 
the interval 26–30 s were used to confirm the preservation of 
the stabilized load mode.

4. 5. Regression modeling method
Taking into account the physical nature of the studied 

loads, the factors shown in Fig. 1. During the test, the pressure 
in front of the barrel, the nozzle diameter, the water supply 
time, and the lifting altitude were changed. The flow rate and 
jet velocity were considered as derived hydraulic parameters.

The consumption of fire extinguishing agents and the 
jet speed directly affect the magnitude of power loads, how-
ever, in the full factorial design they were not considered as 
independent variables, since they depend on the pressure in 
front of the fire hose and the diameter of the nozzle. Other 
parameters that can affect the studied power characteristics 
during the tests were not varied and were not included in the 
factorial design.

To determine the dependence of forces F1–F5, a full fac-
torial design was used for three factors, namely the time of 
fire extinguishing agent supply t, the pressure in front of the 
fire hose p and the diameter of the nozzle d. The lower and 
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upper levels of the factors were t = 4 and 24 s, p = 4 and 8 bar,  
d = 5 and 7 mm, which are given in Table 2. The values 
t = 14 s, p = 6 bar and d = 6 mm corresponded to the center 
of the factor space and to describe the intermediate regimes. 
When constructing mathematical dependencies, the main 
effects of the factors, their pair interactions and triple interac-
tion were taken into account.

To analyze the tension force of the F6 suspension system, 
the time of fire extinguishing agent supply t and the lifting al-
titude h were considered as independent factors. Three levels 
of each factor were used: altitudes h = 30, 40 and 50 m and 
three time levels t = 4, 14 and 24 s.

The obtained data were used to establish the dependence 
of the F6 force on the time of fire extinguishing agent supply 
and lifting altitude.

Given the possible nonlinearity of the dependencies and 
the need to take into account the interactions of factors, the 
general form of the regression model is given by the equality

F x x x x x
x x x x x x x

� � � � �
� � �

��
,

� � � � �
� � �

0 1 1 2 2 3 3 4 1 2

5 1 3 6 2 3 7 1 2 3 	 (1)

where F – the modeled force, N; σ0, σ1, σ2, σ3, σ4, σ5, σ6, σ7 – 
regression coefficients; x1, x2, x3 – coded values of the factors 
given in Table 2.

To estimate the coefficients of model (1), eight combina-
tions of extreme levels of factors were used, corresponding to 
the full factorial design given in Table 3.

The given Table 3 covers all possible combinations of 
the lower and upper levels of the three studied factors. Such 
a plan allows to estimate the separate influence of each factor 
and to determine the effects of their interaction.

Table 2

Factor levels in the full factorial experiment

Factor Lowest 
value (–)

Average 
value (0)

Highest 
value (+)

Time, t, s 4 14 24
Pressure, p, bar 4 6 8

Nozzle diameter, d, mm 5 6 7

Table 3

Matrix of planning a full factorial experiment

Experi-
ment No. х1 x2 x3 x1x2 x1x3 x2x3 x1x2x3

1 + + + + + + +

2 – + + – – + –

3 + – + – + – –

4 – – + + – – +

5 + + – + – – –

6 – + – – + – +

7 + – – – – + +

8 – – – + + + –

The applied approach creates the ba-
sis for the mathematical description of the 
forces F1–F5 depending on the regime pa-
rameters of the supply of fire extinguish-
ing agents through the fire hose.

5. Results of determining the 
patterns of the influence of force 

loads on an unmanned aerial vehicle

5. 1. Results of the development 
of an experimental unit for studying 
force loads during the supply of fire 
extinguishing agents through the 
fire hose

The field studies were carried out on 
the developed experimental unit designed 
to study the reactive forces that arise 
during the supply of fire extinguishing 
agents through the fire hose (Fig. 2).
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3 
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Fig. 2. The developed unit for studying reactive forces 	
on fire barrels: 1 – GoPro HERO 11 BLACK mini camera; 	
2 – Kestrel 4000 Pocket Weather Meter weather station; 	

3 – VP-10 dynamometer; 4 – frame; 5 – DPU-5-2 5033 UHL4.2 
dynamometer; 6 – Aquatica pressure gauge; 7 – MSB-1915 

fire barrel (with a nozzle of 5.6 and 7 mm); 8 – knee

The unit included a supporting frame, a fire hose fasten-
ing system, measuring instruments, hydraulic elements and 
video recording equipment. Dynamometers VP-10 (China) 
and DPU-5-2 5033 UHL4.2 (Ukraine) were used to record 
forces; a fire hose MSB-1915 with interchangeable nozzles 

Fig. 1. Factors influencing power loads during water supply 	
from unmanned aerial vehicles

Factors affecting reactive forces on an unmanned aerial 
vehicle during the supply of fire extinguishing agents 
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with a diameter of 5, 6 and 7 mm was used as a working ele-
ment. The pressure in front of the hose was controlled by an 
Aquatica manometer, (China) the course of the experiment 
and the dynamometer readings were recorded using a GoPro 
HERO 11 Black Mini camera (USA) the external environment 
parameters were monitored by a Kestrel 4000 Pocket Weather 
Meter weather station. (USA)

The supply of fire extinguishing agents was carried out 
using the pumping equipment of a MERCEDES-BENZ Atego 
1428F fire tanker (Germany) through hose lines with a diam-
eter of 77 and 25 mm.

The lifting altitude of the experimental installation was pro-
vided by a cranked lift AD-53 (MB ACTROS 6×4) (Germany).

To determine the nature of the force loads that arise 
during the supply of water through the fire hydrant, a scheme 
for applying and measuring forces was developed, shown in 
Fig. 3. The scheme reflects the directions of action of forces in 
the fire hydrant fastening nodes, the jet reactive force and the 
load on the suspension system.

 
Fig. 3. Scheme of applying forces to the elements of the 

experimental installation: F1–F4 – forces in the fire hydrant 
fastening elements, F5 – jet reactive force, F6 – tension 

force of the suspension system

Forces F1–F4 characterized the forces in the upper, left, 
lower and right fire hydrant fastening elements, respectively. 
F5 was defined as the main jet reactive force. F6 characterized 
the tension of the suspension system, which is formed due to 
the mass of the filled hose line, water column and hydrody-
namic load.

Full-scale experiments were carried out with the lifting of the 
experimental installation to specified altitudes using a cranked 
lift. The general view of conducting experimental studies with 
water supply through the fire hydrant is shown in Fig. 4.

 
Fig. 4. Conducting full-scale experimental studies of reactive 

forces during water supply through a fire hydrant using 	
a cranked lift

5. 2. Results of experimental studies of reactive forc-
es arising during the supply of fire extinguishing agents 
through a fire hydrant

The analysis of the experimental results showed that with 
increasing lifting altitude, the tension force of the suspension 
system F6 increases first of all, while the magnitude of the 
jet reactive force F5 is largely determined by the pressure in 
front of the fire hydrant and the diameter of the nozzle. For 
all studied altitudes, the nature of the change in force param-
eters was similar, but their absolute values increased with 
increasing altitude.

At an altitude of 30 m after stabilization of the fire extin-
guishing agent supply mode, the tension force of the suspen-
sion system was approximately 340–350 N. The lower dyna-
mometer in most of the studied modes recorded a value of 
24–28 N, which characterizes the distribution of mechanical 
load in the corresponding fastening node of the fire hydrant. 
The test results for nozzles with a diameter of 5, 6 and 7 mm 
are shown in Fig. 5–7.

When using a nozzle with a diameter of 5 mm, the reac-
tive force F5 at an altitude of 30 m remained relatively small 
compared to the tension force of the suspension system.

With an increase in the nozzle diameter to 6 mm, the 
values of the reactive force F5 increased, however, the main 
component of the force load remained the tension force of the 
suspended hose line filled with water.
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Fig. 5. Results of experimental studies of reactive forces at an altitude of 30 m with a nozzle diameter of 5 mm: 	
a – 4 bar; b – 6 bar; c – 8 bar
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With a nozzle diameter of 7 mm, the largest values of 
the reactive force F5 among the three studied diameters were 
recorded. This trend is consistent with the change in the hy-
draulic parameters of the jet due to an increase in the area of 
the outlet cross-section of the nozzle.

At an altitude of 40 m, the general nature of the change in 
the force parameters was preserved, but the absolute values of 
the loads increased. The tension force of the suspension sys-
tem was approximately 366–390 N, which is associated with 
an increase in the length of the suspended and water-filled 
hose line. The results of experimental studies for this altitude 
are shown in Fig. 8–10.

For a nozzle with a diameter of 5 mm, the reactive force F5 
varied approximately within the range of 22–33 N.

Using a nozzle with a diameter of 6 mm, the reactive 
force F5 increased to 42–43 N, and for a nozzle with a diam-
eter of 7 mm it reached approximately 44–45 N.

Therefore, with an increase in the nozzle diameter, the 
reactive load on the fire hose increased, but the tension force 

of the suspension system remained the largest component of 
the total force load.

The largest values of force loads in the studied altitude 
range were recorded at a height of 50 m. This mode is charac-
terized by a combination of the largest length of the suspend-
ed hose line filled with water and increased values of the jet 
reactive force. The tension force of the suspension system was 
approximately 396–428 N, which is the largest range of values 
among the studied altitudes. The results of experimental stud-
ies for an altitude of 50 m are shown in Fig. 11–13.

When using a nozzle with a diameter of 5 mm, the reac-
tive force F5 at an altitude of 50 m was approximately 34–49 N.

For a nozzle with a diameter of 6 mm, the reactive force 
reached about 54 N, and for a nozzle with a diameter of 7 mm 
it exceeded 54 N. The highest load values were observed at 
a pressure of 8 bar and the use of nozzles with a diameter 
of 6–7 mm. Under these conditions, the highest tension force 
of the suspension system and an increased reactive load from 
the jet were simultaneously recorded.

Fig. 6. Results of experimental studies of reactive forces at an altitude of 30 m with a nozzle diameter of 6 mm: 	
a – 4 bar; b – 6 bar; c – 8 bar

a b c
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Fig. 7. Results of experimental studies of reactive forces at an altitude of 30 m with a nozzle diameter of 7 mm: 	
a – 4 bar; b – 6 bar; c – 8 bar
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Fig. 8. Results of experimental studies of reactive forces at an altitude of 40 m with a nozzle diameter of 5 mm: 	
a – 4 bar; b – 6 bar; c – 8 bar
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Fig. 9. Results of experimental studies of reactive forces at an altitude of 40 m with a nozzle diameter of 6 mm: 	
a – 4 bar; b – 6 bar; c – 8 bar

a b c
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Fig. 10. Results of experimental studies of reactive forces at an altitude of 40 m with a nozzle diameter of 7 mm: 	
a – 4 bar; b – 6 bar; c – 8 bar
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Fig. 11. Results of experimental studies of reactive forces at an altitude of 50 m with a nozzle diameter of 5 mm: 	
a – 4 bar; b – 6 bar; c – 8 bar
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Fig. 12. Results of experimental studies of reactive forces at an altitude of 50 m with a nozzle diameter of 6 mm: 	
a – 4 bar; b – 6 bar; c – 8 bar
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Comparison of the results for the three studied altitudes 
showed a consistent increase in the tension force of the sus-
pension system F6: approximately 340–350 N at an altitude of 
30 m, 366–390 N at an altitude of 40 m and 396–428 N at an al-
titude of 50 m. Therefore, within the studied range of 30–50 m,  
the increase in altitude was accompanied by an increase in the 
load, associated primarily with an increase in the length of the 
suspended hose line and the mass of water contained in it.

In general, the relative errors of the investigated reac-
tive forces for all series of experimental studies were within 
11–19%, which is acceptable for this type of the study.

Comparison of the limits of the established ranges of F6 
showed that with an increase in altitude from 30 to 40 m, the 
corresponding values increased by approximately 7.6–11.4%, 
and from 30 to 50 m – by 16.5–22.3%. Such ratios characterize 
the general tendency of the load increase with altitude, but 
do not indicate the presence of a strictly proportional depen-
dence, since the value of F6 is formed under the combined 
influence of geometric, hydraulic and design factors

The reactive force of the jet F5 had smaller absolute values 
compared to the tension force F6, but its value increased with 
increasing pressure in front of the fire hose and nozzle diam-
eter. This indicates the need to take into account the reactive 
force not only when assessing the loads on the fire hose, but 
also when determining the requirements for the UAV stabili-
zation system.

The total force load on the system under study is formed 
as a result of the simultaneous action of components of differ-
ent physical nature. A significant part of it is the tension force 
of the suspension system, associated with the mass of the hose 
line, the water contained in it, and the installed equipment. 
An additional load is created by the reactive force of the jet, 
the magnitude of which is determined by the parameters of 
the fire extinguishing agent supply and the geometric charac-
teristics of the nozzle.

The forces F5 and F6 cannot be directly arithmetically 
summed up without taking into account the directions of their 
action, the points of application and the geometry of the fire 
hose attachment. For a specific UAV design, the resulting force 
load and the moments created by it must be determined in 
accordance with the spatial calculation scheme of the system.

The obtained experimental data also do not provide 
grounds to describe the influence of altitude on the force F6 
by a simple directly proportional dependence. The nature of 
its change is determined not only by the altitude of the lift, 
but also by the development of the processes of filling and 
stabilizing the hose line in time. Similarly, the forces F1–F5 
are formed under the joint influence of the time of fire extin-

guishing agent supply, the pressure in front of the fire hose 
and the diameter of the nozzle.

The practical significance of the obtained results lies in 
the possibility of using them as initial data for substantiating 
the traction reserve of the UAV, the parameters of the fire hose 
mounting nodes and the requirements for the stabilization 
system when operating at altitudes of 30–50 m. In this case, 
it is necessary to simultaneously take into account the load 
from the suspended hose line and the reactive action of the 
jet, since these components have a different physical nature, 
different directions of action and can affect the spatial stabil
ity of the aircraft in different ways.

To quantitatively describe the joint influence of the stud-
ied parameters, the results of full-scale tests were subsequent-
ly used to construct regression relationships. For the forces 
F1–F5, the influence of the time of fire extinguishing agent 
supply, the pressure in front of the fire hose and the diameter 
of the nozzle was assessed. The tension force of the F6 suspen-
sion system, the formation of which has a different physical 
nature, was described separately depending on the time of 
supply of the extinguishing agent and the altitude of the lift.

5. 3. Regression models of averaged forces F1–F5 in 
the altitude range of 30–50 m

Based on the levels of factors given in Table 2 and the cor-
responding experimental design matrix in Table 3, the initial 
data for constructing models of forces F1–F5 were formed. 
Forces F1–F4 characterize the forces in the fire hydrant fasten-
ing nodes, and force F5 is the reactive force of the jet.

For each of the forces F1–F5, the averaged values obtained 
from the test results at altitudes of 30, 40 and 50 m were used. 
This approach made it possible to describe the generalized 
response of the system within the studied altitude range with-
out including altitude (h) in the composition of independent 
factors of the regression models. The initial values of the forces 
are grouped according to the experimental design matrix and 
are given in Table 4.

Table 4

Experimental values of forces F1–F5, N

Reactive 
force, N 1 2 3 4 5 6 7 8

F1 1.23 1.1 1.27 1.0 1.17 1.17 1.3 0.8
F2 0.8 1.07 1.07 0.9 1.13 1.07 0.87 1.0
F3 25.3 6.33 24.67 10.0 23.67 5.67 24.0 10.0
F4 2.1 2.1 2.17 2.03 2.23 1.97 2.27 2.03
F5 21.7 0 14.33 0 20.67 0 22 0

Fig. 13. Results of experimental studies of reactive forces at an altitude of 50 m with a nozzle diameter of 7 mm: 	
a – 4 bar; b – 6 bar; c – 8 bar

a b c
 

0
100
200
300
400
500

0
10
20
30
40
50

2 6 10 14 18 22 26 30

R
ea

ct
iv

e 
fo

rc
e,

 N

R
ea

ct
iv

e 
fo

rc
e,

 N

Time, s

50 m 7 mm 4 bar

1 2 3 4 5 6

0

100

200

300

400

500

0
10
20
30
40
50
60

2 6 10 14 18 22 26 30

R
ea

ct
iv

e 
fo

rc
e,

 N

R
ea

ct
iv

e 
fo

rc
e,

 N

Time, s

50 m 7 mm 6 bar

1 2 3 4 5 6

0

100

200

300

400

500

0
10
20
30
40
50
60
70

2 6 10 14 18 22 26 30

R
ea

ct
iv

e 
fo

rc
e,

 N

R
ea

ct
iv

e 
fo

rc
e,

 N

Time, s

50 m 7 mm 8 bar

1 2 3 4 5 6



Eastern-European Journal of Enterprise Technologies ISSN-L 1729-3774; E-ISSN 1729-4061	 5/1 ( 143 ) 2026

46

The coefficients of the regression models F1–F5 were de-
termined from the experimental data in Table 4, taking into 
account the orthogonality of the experimental design matrix. 
The obtained coefficient values are given in Table 5.

Table 5

Coefficients of the models F1–F5 in the coded variables

Coefficient F1 F2 F3 F4 F5

b0 1.130 0.98875 16.2050 2.1125 9.8375
b1 0.1125 −0.02125 8.2050 0.080 9.8375
b2 0.0375 0.02875 −0.9625 −0.0125 0.7550
b3 0.020 −0.02875 0.370 −0.0125 −0.830
b12 −0.080 −0.03125 1.0375 −0.0150 0.7550
b13 −0.0125 −0.00375 0.2050 −0.0450 −0.830
b23 −0.0225 −0.05375 0.2025 0.0125 1.0875
b123 0.045 −0.07875 0.0375 −0.0200 1.0875

After substituting the coefficients from Table 5, the regres-
sion equation for the forces F1–F5 in the coded variables was 
obtained:

– force F1 – force in the upper fixation element

F1 = 1.130 + 0.1125x1 + 0.0375x2 +
+ 0.020x3 − 0.080x1x2 − 0.0125x1x3 –
– 0.0225x2x3 + 0.045x1x2x3;	 (2)

– force F2 – force in the left fixing element

F2 = 0.98875 − 0.02125x1 + 0.02875x2 –
– 0.02875x3 − 0.03125x1x2 −0.00375x1x3 –
– 0.05375x2x3 − 0.07875x1x2x3;	 (3)

– force F3 – force in the lower fixing element

F3 = 16.205 + 8.205x1 − 0.9625x2 +
+ 0.370x3 + 1.0375x1x2 − 0.205x1x3 –
− 0.2025x2x3 − 0.0375x1x2x3;	 (4)

– force F4 – force in the right fixing element

F4 = 2.1125 + 0.080x1 + 0.0125x2 +
+ 0.0125x3 − 0.015x1x2 − 0.045x1x3 +
+ 0.0125x2x3 − 0.020x1x2x3;	 (5)

– force F5 – jet reactive force

F5 = 9.8375 + 9.8375x1 + 0.755x2 –
– 0.830x3 + 0.755x1x2 − 0.830x1x3
+ 1.0875x2x3 + 1.0875x1x2x3.	 (6)

After switching to natural variables, the regression equa-
tions take the form:

– force F1 – force in the upper fixation element, N

F1 = −1.240 + 0.12375t + 0.33125p +
+ 0.294d − 0.0175tp − 0.01475td –
− 0.04275pd + 0.00225tpd;	 (7)

– force F2 – force in the left fixing element, N

F2 = 1.959 − 0.13225t − 0.13325p –
– 0.193d + 0.0220625tp + 0.02325td +
+ 0.02825pd − 0.0039375tpd;	 (8)

– force F3 – force in the lower fixing element, N

F3 = 14.165 + 0.45375t − 1.6575p –
– 0.367d + 0.040625tp + 0.00925td +
+ 0.075pd + 0.001875tpd;	 (9)

– force F4 – force in the right fixing element, N

F4 = 2.401+ 0.0035t − 0.11725p –
– 0.071d + 0.00525tp + 0.0015td +
+ 0.02025pd − 0.001tpd;	 (10)

– force F5 – jet reactive force, N

F5 = −12.851 + 3.21275t + 1.154p +
+ 1.637d − 0.2885tp − 0.40925td –
− 0.2175pd + 0.054375tpd.	 (11)

Analysis of the obtained models shows that the nature 
of the influence of the studied factors differs significantly 
for individual components of the force load. For forces 
F1, F2 and F4, the coefficients of the main effects and in-
terfactor interactions have relatively small values. This 
indicates a limited change in these forces in the studied 
factor space. The most pronounced change was found for 
force F3, which characterizes the load in the lower element 
of the fire hose fixation. The largest coefficient of the F3 
model was obtained for factor x1. The value of this coeffi-
cient is 8.205 and significantly exceeds the coefficients for 
other main effects. The interaction of factors x1 and x2 also 
makes a noticeable contribution to the formation of F3. 
For the jet reactive force F5, the largest coefficient of the 
main effect also corresponds to factor x1. The influence of 
factors x2 and x3 is smaller in absolute value. The presence 
of pair and triple interactions indicates that the influence of 
a separate factor on the force load depends on the levels of  
other factors.

The obtained regression relationships allow quantita-
tively describing the forces F1–F5 within the studied factor 
space. The constructed models can be used to estimate the 
force loads for given values of the water supply time, pres-
sure in front of the barrel and nozzle diameter.

The application of the obtained relationships outside 
the studied factor intervals requires additional experimen-
tal verification.

5. 4. Regression model of the tension force F6 de-
pending on time and altitude

The tension force of the suspension system F6 differs 
from the forces F1–F5 in the physical nature of its formation 
and the nature of the influence of the studied factors. 

According to the results of field tests, it was estab-
lished that its change is primarily associated with the time 
of the fire extinguishing agent supply and the altitude of 
the installation. Therefore, the force F6 was not included 
in the common three-factor model F1–F5, but was de-
scribed by a separate regression dependence on time t and  
altitude h.

For each combination of time t and altitude h, the arith-
metic mean of nine values of force F6 obtained for three 
pressure values p = 4, 6, 8 bar and three nozzle diameters 
d = 5, 6, 7 mm was determined

� t H t h p d, / , , , .� � � � � �1 9 6F 	 (12)
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Table 6

Average values of the tension force of the suspension 
system F6, N

Altitude h, m t = 4 s t = 14 s t = 24 s

30 151.11 271.11 350.00

40 190.00 306.67 387.78

50 194.45 313.33 412.22

To build a regression model, three levels of fire extinguish-
ing agent application time were used – 4, 14 and 24 s and three 
levels of altitude – 30, 40 and 50 m. For further calculations, 
the coded values were matched with this equation:

X
t

2
14

10
�

�� �
, 	 (13)

X
h

2
40

10
�

�� �
. 	 (14)

Respectively: t = 4, 14, 24 s → x1 = −1, 0, +1; h = 30, 40, 
50 m → x2 = −1, 0, +1.

Choosing the form of the regression model.
Since each of the studied factors is represented by three 

levels, a second-order polynomial model was adopted to approxi-
mate the experimental data, which takes into account linear and 
quadratic components, as well as pairwise interaction of factors

F b b x b x b x x b x b x6 0 1 1 2 2 12 1 2 11 1
2

22 2
2� � � � � �� . 	 (15)

The coefficients of the regression model were determined 
by the least squares method from the nine averaged experi-
mental values of the tension force of the suspension system F6, 
given in Table 6.

The obtained coefficients are given in Table 7.

Table 7

Coefficients of the F6 model in coded variables

Coefficient Value

b0 305.55667

b1 102.40667

b2 24.63000

b12 4.72000

b11 –16.11000

b22 –12.78000

Accordingly, the regression equation in the coded variables 
has the form

F x x
x x x

6 1 2

1 2 1
2

305 55667 102 40667 24 630
4 720 16 110 12
� � �

� � �

�. . .
. . .7780 2

2x . 	 (16)

The regression equation in the natural variables is given 
in the form

F6 = −145.956267 + 12.863467t +
+ 12.0262H + 0.0472tH–
– 0.1611t2 – 0.1278H2,	 (17)

where F6 – the tension force of the suspension system, N;  
t – time, s; h – the lifting altitude of the installation, m.

5. 5. Analysis of the response surfaces of forces F1–F6 
and determination of the limits of application of regres-
sion models

Graphical analysis of the obtained regression dependen-
cies is given in Fig. 14–19.

The response surfaces of the forces F1–F5 were construct-
ed depending on the time of supply of the extinguishing agent 
and the pressure in front of the fire hose for fixed values of the 
nozzle diameter d = 5, 6 and 7 mm.

For the force F6, the dependence on time t and altitude 
h was considered. The obtained graphical dependences were 
interpreted within the studied ranges of factors.

Fig. 14 shows the calculated surfaces of the force F1 in the 
upper element of the fire hose fixation.

The graphical dependencies indicate a general trend of 
increasing the force F1 with increasing the time of supplying 
the extinguishing agent. The influence of the pressure and 
diameter of the nozzle is manifested through a change in 
the slope and position of the surfaces, which is consistent 
with the presence of interfactor interactions in the regres-
sion model.

Fig. 15 shows the calculated surfaces of the force F2 in the 
left fixing element of the fire hose.

The response surfaces for the force F2 have different 
orientations depending on the diameter of the nozzle, 
which indicates the joint influence of time, pressure and  
geometric parameters on the magnitude of the force. At the 
same time, the calculated values vary in a relatively nar-
row range.

Fig. 16 shows the calculated surfaces of the force F3 in the 
lower fixing element of the fire hose.

 

Fig. 14. Calculated surfaces of the force F1 in the upper fixing element depending on the time t and pressure p: 	
a – d = 5 mm; b – d = 6 mm; c – d = 7 mm

a b c
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All investigated diameters of the nozzle are character-
ized by a pronounced increase in the F3 force with an in-
crease in the time of supplying the extinguishing agent. The 
influence of pressure is less pronounced and depends on the 
combination of factor levels. Compared to forces F1, F2, and 
F4, force F3 is characterized by a wider range of changes, 
which indicates the significant role of the lower fixation 
element in load perception.

Fig. 17 shows the calculation surface of force F4 in the 
right element of fixing the fire barrel. The surfaces are con-
structed in t-p coordinates separately for each of the investi-
gated nozzle diameter values.

The response surfaces of F4 are relatively flat, which 
indicates a limited change in the load in the studied factor 
space. The influence of time, pressure and nozzle diameter is 

manifested through their joint action, taken into account in 
the regression model.

Fig. 18 shows the calculated surfaces of the main reactive 
force F5.

For all investigated nozzle diameters, a pronounced 
increase in the reactive force F5 over time is observed.  
The pressure in front of the fire hose and the nozzle di-
ameter affect the level of reactive load, and the nature  
of their action depends on the combination of the studied 
factors.

The obtained dependencies must be taken into account 
when justifying the permissible parameters of the supply of 
fire extinguishing agent.

Fig. 19 shows the calculated surface of the force F6 de-
pending on time and altitude.

Fig. 15. Calculated surfaces of the force F2 in the left fixing element depending on the time t and pressure p: 	
a – d = 5 mm; b – d = 6 mm; c – d = 7 mm

a b c
 

Fig. 16. Calculated force surfaces F3 in the lower fixing element depending on time t and pressure p: 	
a – d = 5 mm; b – d = 6 mm; c – d = 7 mm

a b c
 

Fig. 17. Calculated surfaces of the force F4 in the right fixation element depending on the time t and pressure p: 	
a – d = 5 mm; b – d = 6 mm; c – d = 7 mm

a b c
 



Engineering technological systems: Reference for Chief Designer at an industrial enterprise

49

 
Fig. 19. The calculated surface of the tension force 	

of the suspension system F6 depending on the time t 	
and the altitude h

The response surface F6 is characterized by an increase in 
the tension force of the suspension system with an increase in 
the time of the fire extinguishing agent supply and the altitude 
of the lift. The most pronounced change is observed in the di-
rection of the time axis, which is consistent with the processes 
of filling the hose line and forming a steady state. The influence 
of altitude is due to an increase in the length of the suspended 
hose line and the mass of water contained in it. The presence 
of quadratic components in the regression model reflects the 
nonlinear nature of the load change.

The obtained response surfaces indicate differences in the 
formation of individual components of the force load. The 
most pronounced change among the forces in the fastening 
nodes is the force F3, while the forces F5 and F6 characterize, 
respectively, the reactive action of the jet and the tension of the 
suspension system. They must be taken into account when jus-
tifying the design parameters and permissible operating modes 
of UAVs for extinguishing fires.

The regression models of forces F1–F5 are saturated and 
accurately reproduce the experimental values in the nodes 
of the full factorial design. However, such correspondence is 
not an independent confirmation of their statistical adequacy. 
Therefore, it is advisable to limit the application of the obtained 
dependencies to the investigated factor intervals, and their pre-
dictive properties require additional experimental verification.

6. Discussion of the results of determining the patterns of 
the influence of force loads on an unmanned aerial vehicle

The obtained results show that the force loads during 
the supply of fire extinguishing agents through a fire hose 

are formed under the joint influence of several operational 
parameters. Within the studied modes, the patterns of force 
changes depending on the altitude, pressure in front of the 
fire hose and the diameter of the nozzle were established. The 
largest absolute values among the measured parameters were 
the tension force of the suspension system F6. As can be seen 
from Fig. 5–13, its value naturally increased with increasing 
altitude. After stabilization of the mode, the force F6 was 
340–350 H at an altitude of 30 m and 366–390 N at an altitude 
of 40 m. At an altitude of 50 m, 396–428 N, which corresponds 
to the largest values in the studied altitude range. The in-
crease in F6 with increasing altitude is also confirmed by the 
average values given in Table 6, regression dependence (17) 
and response surface in Fig. 19. In particular, at t = 24 s the 
average value of F6 increased from 350.00 H at an altitude 
of 30 m to 412.22 N at 50 m. Such a change can be explained 
by an increase in the length of the suspended hose line filled 
with water and a corresponding increase in the load on the 
suspended system. This is consistent with Fig. 19, where the 
most pronounced change in the design force is observed along 
the time axis. The quadratic regression model (17) reflects the 
joint influence of the feed time and the lifting altitude. The 
additional coefficient at the interaction term characterizes 
the joint action of these factors within the adopted regression 
model. The negative coefficients of the quadratic components 
determine the curvature of the surface and a decrease in the 
growth rate of the design force near the upper levels of the 
factors. Therefore, the nature of the change in F6 cannot be 
described only by a simple proportional dependence on the 
altitude. The magnitude of this force is simultaneously influ-
enced by the altitude of the lift and the development of the 
processes of filling and stabilizing the hose line over time.

The reactive force of the F5 jet had smaller values, but 
its value varied depending on the mode of fire extinguishing 
agent supply. Fig. 8–10 shows that at an altitude of 40 m, F5 
was 22–33 N for a nozzle with a diameter of 5 mm. For a nozzle 
with a diameter of 6 mm, the reactive force reached 42–43 N,  
and for a nozzle with a diameter of 7 mm, it was 44–45 N. At 
an altitude of 50 m, for a nozzle with a diameter of 5 mm, the 
F5 values were 34–49 N, which is shown in Fig. 11. For a noz-
zle with a diameter of 6 mm, they reached 54 N. When using 
a nozzle with a diameter of 7 mm, the reactive force was 57 N, 
according to the results shown in Fig. 13. The highest reactive 
forces were observed at a pressure of 8 bar and the use of noz-
zles of 6–7 mm. The increase in F5 with increasing pressure 
and nozzle diameter is explained by a change in the hydraulic 
parameters of the water jet. The increase in the area of the 
outlet cross section and the change in pressure affect the flow 

Fig. 18. Calculated surfaces of the reactive force F5 depending on time t and pressure p: 	
a – d = 5 mm; b – d = 6 mm; c – d = 7 mm

a b c
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rate, the outflow velocity and the corresponding pulse flow 
of the jet. It is by changing the pulse flow that the increase in 
the reactive load can be explained in the regimes with higher 
pressure and nozzle diameter. The nature of the change in F5 
is additionally reflected by regression equations (6) and (11) 
and the calculation surfaces in Fig. 18. For the three studied 
diameters, the surfaces in Fig. 18 demonstrate a pronounced 
change in the calculated reactive force over time. This is con-
sistent with the coefficients of the regression model (6) in the 
coded variables given in Table 5. The largest coefficient of the 
main effect of this model corresponds to the factor x1, which 
characterizes the feed time. The pressure and nozzle diameter 
also change the value of F5 and the nature of the response 
surfaces. The regression model (6) provides for main effects, 
pair interactions and triple interactions of the studied factors. 
Therefore, it is advisable to consider the change in F5 as a re-
sult of their joint action, and not as a consequence of a change 
in one parameter. The results for F1–F4 characterize the load 
distribution between the fire hydrant fastening elements. 
According to the experimental values in Table 4, the forces F1, 
F2, and F4 varied within relatively narrow limits. The largest 
range among the forces in the fastening nodes was established 
for the force F3, which characterizes the load in the lower fix-
ing element. This result is consistent with the coefficients of 
the regression model (4) given in Table 5 and the nature of the 
calculation surfaces given in Fig. 16. The largest coefficient 
of the main effect of the regression model (4) corresponds 
to the factor x1 and is 8.205. A noticeable contribution to the 
calculated value of F3 is also made by the interaction of the 
factors x1 and x2, the coefficient of which is 1.0375. Therefore, 
the change in F3 within the limits of the adopted model is pri-
marily associated with the time development of the load and 
the interaction of the studied factors. The design surfaces for 
forces F1, F2 and F4 shown in Fig. 14, 15, 17 are characterized 
by less pronounced changes compared to F3, which is con-
sistent with regression models (2), (3) and (5). The presence 
of interfactor interaction in regression models (2)–(6) means 
that the design effect of one factor depends on the levels of 
other factors. Therefore, for engineering assessment of forces, 
it is advisable to use complete regression dependencies, rather 
than individual model coefficients. The obtained results show 
that the force load of the studied system cannot be character-
ized by only one indicator. The reactive force of the jet F5 and 
the tension force of the suspended system F6 have different 
physical natures. The force F5 is formed by the reactive action 
of the jet on the fire hose. The force F6 is associated with the 
load of the suspended hose line, the mass of water and the 
processes accompanying its filling. Therefore, the forces F5 
and F6 cannot be directly summed arithmetically to determine 
the required UAV thrust. The required thrust reserve also de-
pends on the mass of the device, the installed equipment, the 
directions of the forces of their application points. It is also 
necessary to take into account the position of the fire barrel 
relative to the center of mass and the ability of the stabiliza-
tion system to compensate for the created moments.

The obtained values of F5 and F6 should be considered as 
initial external loads for constructing a spatial force diagram 
of the aircraft. When interpreting the regression models F1–F5,  
it is necessary to take into account the method of forming 
the initial data. For each point of the factorial plan, values 
averaged from the results of tests at altitudes of 30, 40 and 50 
m were used. This approach made it possible to describe the 
generalized response of the system within the studied altitude 
range. At the same time, the construction of the models F1–F5 

does not provide a separate quantitative assessment of the 
influence of altitude on each force. Altitude is directly intro-
duced as an independent factor only in the model F6 with the 
time of supplying fire extinguishing agent. The effect of alti-
tude on F5 in this work was evaluated directly from the results 
of field tests at individual altitudes.

Comparison with known results confirms that the reac-
tive load is determined by the set of hydraulic and structural 
parameters of the system. In work [7] for a multirotor aircraft, 
the calculated jet force at a pressure of 120 bar was 18.77 N.  
In the conducted study, the maximum reactive force F5 ex
ceeded 54 N. The obtained value is 2.9 times the calculated jet 
force of 18.77 N given in work [7]. At the same time, a direct 
quantitative comparison of these values has significant limita-
tions. The systems under study differ in nozzle diameters and 
geometry, water flow rate, hose line design and feed modes. 
Therefore, the operating pressure alone cannot uniquely deter-
mine the magnitude of the reactive force. When evaluating it, 
it is necessary to take into account the flow rate, flow velocity, 
outlet cross-sectional area and other system characteristics. 
The results of work [8] also show the dependence of the fire 
nozzle response on the flow parameters, its geometry and 
hydraulic mode. For the smooth-bore nozzles with a diameter 
of 22 and 24 mm considered in [8], the calculated reaction 
values are approximately 230–335 N. These values significantly 
exceed the maximum force F5 obtained in the study. A direct 
comparison of the results is limited by significant differences  
in nozzle diameters, water flow rates, and jet formation 
conditions. At the same time, the results of both studies are 
consistent with the physical relationship of the reactive force 
with the parameters of the water flow and the nozzle geome-
try. Even at lower absolute values, F5 remains an external load 
that must be taken into account for UAVs. In addition to the 
translational action, the reactive force can create a moment 
relative to the center of mass if its line of action does not pass 
through it. The magnitude of such a moment depends on the 
point of application of the force, its direction, and the spatial 
location of the fire hose. The results of [9] show that the load 
associated with the fire hose line is determined not only by 
the nozzle reaction. In [9], the dependence of the force effect 
on the configuration of the hose, its spatial position, and the 
method of holding it was established. This is consistent with 
the established increase in F6 with increasing altitude of the 
suspended hose line. For the studied system, this result jus-
tifies the need to separately consider F6 when determining 
external loads. The reactive force F5 and the tension force F6  
are formed by different physical processes and affect the air-
craft differently. An important methodological decision was 
to measure the pressure directly in front of the fire hose. This 
approach makes it possible to link the measured forces with 
the actual hydraulic conditions at the entrance to the fire hose. 
In [10], the dependence of pressure losses on the internal 
diameter and characteristics of the internal surface of the fire 
hose is shown. Due to hydraulic losses, the pressure at the out-
let of the pumping equipment does not uniquely characterize 
the operating conditions of the nozzle. Therefore, pressure 
control in front of the fire hose reduces the uncertainty asso-
ciated with head losses in the hose line. The peculiarity of the 
conducted study is the simultaneous determination of the jet 
reactive force and the tension force of the suspension system 
at altitudes of 30–50 m. Unlike the works [7, 16–18], not only 
the jet reactive force was investigated, but also the load from 
the suspended hose line. This approach allows to consider the 
force load as the result of the joint action of components that 
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have different physical natures. The obtained field data were 
supplemented with regression dependencies intended for the 
quantitative description of the force parameters within the 
studied regimes. At the same time, the obtained results have 
certain application limits. Regression dependencies (7)–(11) 
were obtained for the factor space t = 4–24 s, p = 4–8 bar and  
in d = 5–7 mm. Extrapolation of these models beyond the 
studied intervals without additional experimental verification 
can lead to unfounded estimates of the force parameters. 
Regression model (17) was obtained for the force F6 in the 
altitude range of 30–50 m and time levels of 4.14 and 24 s. 
The full factorial design used to construct regression mod-
els (2)–(6) is saturated. In it, 8 regression coefficients of the 
model are determined by eight combinations of extreme levels 
of three factors. With such a structure, the exact reproduction 
of values in the nodes of the plan is a mathematical property 
of the adopted model. Therefore, it does not in itself confirm 
the statistical adequacy of its functional form. The assessment 
of experimental error and reproducibility can be based on 
the test results. Verification of the functional adequacy of the 
models requires independent control points or expansion of 
the experimental design.

The limitations of the study also include the use of an 
experimental unit instead of UAV in real flight conditions. 
The developed unit reproduced the main force interactions 
between the fire hose and the hand-held line. At the same 
time, it did not reproduce the dynamic response of a real air-
craft, and the operation of its test system was performed under 
controlled conditions without the influence of high-tempera-
ture convective flows, smoke, wind loads, and pronounced 
atmospheric turbulence. Therefore, the obtained force values 
should not be directly interpreted as an assessment of the 
spatial stability of a specific UAV model. They should be used 
as initial engineering data for further modeling, design, and 
testing of the stabilization system. A separate drawback of the 
approach used is the averaging of the F1–F5 values based on 
the test results at three altitudes. Because of this, altitude is 
not included as an independent factor in the corresponding 
regression models. This approach allowed obtaining gener-
alized dependencies for the altitude range of 30–50 m, but 
limited the possibility of quantitatively isolating the influence 
of altitude. Another drawback is the lack of independent con-
trol points to verify the adequacy of the functional form of the 
saturated models F1–F5. Eliminating this drawback requires 
expanding the experimental design and performing additional 
tests at points that were not used to determine the coefficients. 
To clarify the obtained regression dependencies, it is advisable 
to include altitude as an independent factor in the mod-
els F1–F5. This will require expanding the factorial design and 
a corresponding increase in the number of experimental com-
binations. A promising direction is to conduct tests with a real 
UAV in flight. Such studies will make it possible to assess the 
response of the stabilization system to the measured external 
forces and the moment created by them. It is also advisable to 
verify the obtained models at independent control points and 
under conditions close to real fire extinguishing. Future stud-
ies will be conducted with other types of fire extinguishing 
agents, in particular compression foam.

The results obtained create the basis for substantiating the 
design parameters of the UAV and the permissible modes of 
fire extinguishing agent supply.

The established dependencies can also be used when 
forming requirements for stabilization systems taking into 
account the reactive force and load of the suspension system.

The main experimental difficulties of such development 
are associated with ensuring reproducible modes of fire extin-
guishing agent supply and controlled measurement of forces 
at altitude. An additional difficulty will be the simultaneous 
registration of external loads and the dynamic control system 
of the UAV. Thus, the regularities of the formation of force 
loads within the studied modes of fire extinguishing agent 
supply have been experimentally established.

7. Conclusions

1. An experimental unit has been developed to study force 
loads during the supply of fire extinguishing agents through 
a fire hose, simulating its retention by a UAV. The unit pro-
vides simultaneous determination of forces in the fire hose 
mounting nodes F1, F2, F3, F4, jet reactive force F5 and suspen-
sion system tension force F6. A feature of the developed unit 
is the ability to separately determine the reactive load and the 
load transmitted through the suspended hose line, as well as 
automatic fixation of their values.

2. According to the results of experimental studies of force 
loads during water supply through a fire hydrant at altitudes of 
30–50 m, it has been established that the greatest value was the 
tension force of the suspension system F6, which at an altitude 
of 50 m was 420–430 N. With an increase in the lifting altitude 
from 30 to 50 m, the force F6 increased by 19.6%, while the 
change in the pressure in front of the fire hydrant and the diam-
eter of the nozzle did not have a decisive influence on its value. 
An increase in pressure from 4–8 bar and a nozzle diameter 
from 5–7 mm was accompanied by an increase in reactive loads. 
It was experimentally established that with an increase in the di-
ameter of the nozzle from 5 to 7 mm at all studied pressure val-
ues, the forces F1, F2, F3, F4 increased by 7–9%, and the reactive 
force of the jet F5 by 92–96%, which is consistent with theoretical 
hydraulic calculations. The results obtained confirm the need to 
simultaneously take into account the jet reactive force and the 
load from the suspended hose line, which have different phys-
ical natures. At the same time, to determine the resulting load 
on the UAV, it is necessary to take into account not only the ab-
solute values of the forces, but also the directions of their action.

3. Based on the full factorial experiment, the regression 
dependence of the forces F1–F5 has been obtained, which 
takes into account the influence of the water supply time, the 
pressure in front of the fire hydrant and the diameter of the 
nozzle. It has been established that the nature of the influence 
of the studied factors differs for individual components of the 
force load. The most pronounced change among the forces in 
the fire hydrant fastening nodes was established for the force 
F3, while the forces F1, F2 and F4 were characterized by rela-
tively minor changes. The jet reactive force F5 was also charac-
terized by a significant change depending on the factors under 
study. The obtained regression models allow to quantitatively 
assess the force loads F1–F5 depending on the combination of 
the water supply time, the pressure in front of the fire hydrant 
and the diameter of the nozzle.

4. A quadratic regression model of the tension force of the 
suspended system F6 was constructed, which describes its de-
pendence on the water supply time and the lifting altitude. It 
was established that the force F6 increases with an increase in 
the duration of water supply and the lifting altitude, and the 
nature of its change is nonlinear. The increase in the tension 
force with increasing altitude is explained by an increase in 
the length of the suspended hose line and the mass of water 
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contained in it, and the dependence on time is explained by 
the processes of filling the hose line and stabilizing the water 
supply mode. The obtained quadratic model allows to esti-
mate the load from the suspended system depending on the 
water supply time and the lifting altitude.

5. According to the results of the analysis of the response 
surfaces of the forces F1–F6, the peculiarities of the influence of 
the studied factors on the formation of force loads were estab-
lished. It was determined that the nature of the change in the 
forces F1–F5 depends on the joint influence of the water supply 
time, the pressure in front of the fire hose and the diameter of 
the nozzle, while for the force F6 the determining factors are the 
water supply time and the lifting altitude. The limits of applica-
tion of the obtained regression models for forces F1–F5 within 
t = 4–24 s, p = 4–8 bar, d = 5–7 mm are established. For model 
F6, the investigated altitude range is 30–50 m, and the dura-
tion of water supply is 4–24 s. The obtained models allow to 
estimate force loads and to justify the permissible water supply 
modes and design parameters of the UAV. The next stage of the 
study will be aimed at estimating force loads during the supply 
of air-mechanical foam as a fire extinguishing agent.
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