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This study investigates the process of water jet motion in
the air; the subject is the trajectory of motion and the veloc-
ity vector of water droplets in a two-phase “droplets-air”
flow. The task addressed is to construct a model of water jet
motion in the air, which would take into account its destruc-
tion and transformation into a stream of droplets.

A model of water jet motion in the field of gravity after
exiting the fire hydrant in the area of the jet core has been
built. The jet expansion coefficient was experimentally
determined to be 0.016. Estimates of the jet radius, water
droplet velocity, and effective radius of the jet of trapped air
at the boundary of the core zone and the droplet zone were
constructed. The values obtained are the initial conditions
Jor the model of the motion of the droplet and gas phases
of the jet in the droplet zone. The droplet motion was mod-
eled by using the Lagrangian approach, within which the
dynamics of the motion of individual drops were considered,
described by the equations of motion in three-dimensional
space taking into account the forces of aerodynamic resis-
tance and gravity. It was assumed that the distribution of the
droplet diameter obeys the Rosin-Ramler law.

A model of the motion of the gas phase of the jet was
constructed, based on the equations of mass and momen-
tum balance; it also takes into account the curvature of the

jet axis due to the capture of air by drops moving under the
action of gravity. The model is based on the assumption of
the axisymmetric nature of the jet and the Gaussian veloci-
ty distribution in its cross section. A feature of the model is
the mutual influence of the droplet and gas phases of the jet
on the motion of each other: drops, losing momentum due
to aerodynamic resistance, give it to the air. It is shown that
drops of smaller diameter have a shorter range compared
to drops of larger diameter. As a result, the water falls to
the ground not at a specific point but in a certain range.
In particular, for a fire hose with a diameter of 19 mm, a
delivery angle of 35° to the horizon and a water pressure
of (40+70) m, the width of the range into which 90% of the
water falls was (8.7+11.0) m
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1. Introduction

Fires pose a serious threat to public safety, causing
significant material damage and human casualties [1]. It
is estimated that annual economic losses from fires world-
wide reach billions of dollars, including the destruction of
property, infrastructure, and restoration costs. In addition,
fires have a significant environmental impact, in particular
through emissions of carbon dioxide, toxic substances, and
the destruction of natural ecosystems, which contributes to
climate change and biodiversity loss. Despite the spread of
foam and powder fire extinguishing agents, water remains
the main extinguishing agent. The efficiency of its delivery
to the fire source directly affects the speed of localization and
elimination of the fire. This is of particular importance for
automated fire extinguishing systems and fire robots, where
it is necessary to select water supply parameters without hu-
man intervention [2]. Automated systems are applied in situ-
ations where the arrival of fire departments is associated with
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a critical loss of time or human participation in firefighting
carries additional risks to their health.

Therefore, it is a relevant task to conduct studies aimed
at designing automated water supply systems for firefighting.

2. Literature review and problem statement

Existing methods for building a water jet trajectory model
can be divided into two types: the application of mathematical
modeling methods and the use of neural networks. The con-
ventional approach to modeling the trajectory of water jets in
firefighting is based on classical ballistic models that take into
account gravity and air resistance [3]. However, due to interac-
tion with air, the water jet loses its continuity, turning into a
stream of drops [4]. This leads to a different nature of the inter-
action of the droplet stream with air compared to a continuous
jetand, in particular, different air resistance. As a result, there
is a deviation of the observed trajectories from the calculated
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ones. In particular, it was noted in work [5] that ballistic mod-
els in which air resistance is assumed to be proportional to the
speed of the jet give an overestimated range compared to the
experiment. To correct this error, a method for compensating
for the prediction of the jet range was proposed in the work. In
[6], the ballistic model is corrected by additional parameters
that are determined experimentally.

The main difficulty in the practical application of such
models is that empirically selected parameter values give
good agreement between calculated and experimental data
only under the conditions for which these values were select-
ed. Another consequence of the destruction of a continuous
jet is that different drops have different trajectories, different
ranges, and different transverse deviations. As a result, clas-
sical ballistic models can give only the average range of the
jet. Therefore, there is a need to use more complex models
that take into account the motion of individual drops.

In [7], the disintegration of a circular liquid jet on a drop
in still air was experimentally investigated. In this case, a
weakly turbulent disintegration regime was observed (at low
Weber and Reynolds numbers at the jet outlet), a turbulent
disintegration regime (at moderate Weber numbers), and
an aerodynamic shear disintegration regime (at high Weber
numbers). However, the study concerned only jets falling ver-
tically downwards. For horizontal jets, or jets directed at an
angle to the horizon, the jet behavior changes due to different
directions of the velocity vector and the gravity vector.

In [8], the disintegration of a water jet in air depending on
the water pressure was investigated under laboratory condi-
tions. However, the results were obtained for a nozzle with a
diameter of 0.6 mm and their transfer to the case of fire hoses,
the typical diameter of which is (19 + 25) mm, is complicated.

In [9], the interaction of a horizontal water jet with air
was experimentally investigated using a high-speed video
camera. It was found that the jet expands with increasing
distance to the nozzle. It was concluded that pressure is an
important parameter that has an impact on the cluster and
surface characteristics of the jet. However, such an important
parameter for fire extinguishing as the delivery range was not
considered in the work.

In [10], experimental data on the disintegration of jets
were summarized and the disintegration modes were deter-
mined depending on the values of the criterion numbers of
the jet, in particular the Weber number.

In [11], a model of the water jet motion was constructed,
which takes into account the section of the continuous jet
and the section of the droplet flow. However, the motion of
the drops is considered in still air, although in reality the
surrounding air is captured by the droplet flow, as a result of
which the aerodynamic resistance decreases. A more accu-
rate approach requires taking into account the motion of the
gas phase of the jet.

In [12], a model of the water jet trajectory was constructed
based on the Moving Particle Semi-implicit method. It was
found that at low initial jet velocity the simulation results
agreed well with the experimental data, while at high veloc-
ity significant errors were observed. It was found that the
main cause of the deviation was air resistance. This result
also indicates the need to take into account the movement of
entrained air.

Another factor that affects the range of the jet is the size of
the droplets formed. Droplets of smaller diameter are slowed
down faster and therefore have a shorter range. In [13], the
size of the droplets formed during the spraying of a water jet

was experimentally investigated using high-speed imaging,
and it was noted that their diameter can be described by the
Rosin-Rammler distribution. It was concluded that the aver-
age diameter of the droplets is related to the Weber number
of the jet and the geometry of the barrel.

The distribution of the size of the droplets formed during
the spraying of a water jet was considered in detail in [14]. Tt
was noted that the Rosin-Rammler law or the lognormal law
can be used to describe this distribution. However, the issues
of the motion of droplets in the air and the range of the jet are
not considered in the cited works.

In [15], the motion of a water jet when it is supplied by a
horizontally located fire hydrant with a diameter of 13 mm
was experimentally investigated. The size and velocity of the
droplets into which the continuous jet breaks up were deter-
mined. But the trajectory of the droplets was ignored, because.

In [16], a model of the water jet motion was constructed,
which takes into account its breakdown into droplets and the
further motion of the droplet flow. The proposed model is
based on a one-dimensional Euler approach to the trajectory
of the air flow and a Lagrangian approach to the trajectories
of individual water droplets. This allowed the authors to take
into account the entrainment of the surrounding air by the
droplets, but the distribution of the droplets over the range
was not considered in the work.

Instead of the approach that assumes a stationary dis-
tribution of velocities in the gas phase of the flow, a number
of works use a general approach to modeling the motion of
the air flow. In [17], for modeling a liquid jet in a supersonic
flow, the motion of the gas phase is described using the Na-
vier-Stokes equation system. This significantly complicates
both calculations and generalization of the obtained results.
In [18], the use of a high-speed water jet (300 + 600 m/s) for
extinguishing a gas flame was experimentally investigated.

In [19], a neural network was used to predict the jet drop
point. The proposed approach takes into account both the jet
parameters at the exit of the fire hydrant and the environ-
mental parameters.

In [20], the Random Forest method was used to predict
the jet drop point under random wind conditions. The disad-
vantage of such models is that they are tied to the data set on
which the training was conducted. This leads to difficulties
when applying them under other conditions.

In [21], a neural network was applied to compare the
target and actual jet drop points with subsequent adjustment
of the water supply parameters. This approach is advisable
to use to increase the accuracy in automated water supply
systems, but its application is impossible at the design stage.

All this gives grounds to argue that it is advisable to con-
duct research aimed at building a model of water jet move-
ment in the air, which would take into account its destruction
and transformation into a stream of drops.

3. The aim and objectives of the study

The aim of our work is to build a model of the movement
of a water jet in the air after exiting the fire hose depending
on the diameter of the nozzle, its angle of inclination, and
water pressure. In practice, this opens up opportunities for
the optimal selection of water supply parameters to the fire
site or to protect objects in the zone of its thermal impact.
This, in turn, makes it possible to improve the efficiency of
fire extinguishing.



To achieve this aim, the following objectives were ac-
complished:

- to determine the characteristics of movement of a con-
tinuous water jet after exiting the fire hose;

- to construct the equation of motion for the drop phase
of the jet;

- to construct the equation of motion for the gas phase
of the jet.

4. The study materials and methods

The object of our study is the process of water jet motion in
air; the subject of research is the trajectory of motion and the ve-
locity vector of water droplets in a two-phase “droplet-air” flow.
The principal hypothesis of the study assumes that the motion
of a two-phase flow can be described as the motion of individual
water droplets interacting with a gas jet, which arises as a result
of the capture of ambient air by a water jet. The basic assump-
tions are the axisymmetric nature of the gas phase of the jet, the
Gaussian velocity distribution in the cross-section of the jet, and
the absence of secondary crushing or merging of droplets.

A fire hydrant with a nozzle diameter of (13 + 25) mm was
considered for supplying a continuous jet of water at a water
pressure of (20 + 80) m. To determine the trajectory of the
water jet in the area of the jet core, the equation of motion of
a material point in a gravitational field was applied. To model
the motion of the droplet phase of the jet, the Lagrangian
approach was used, within the framework of which the dy-
namics of individual drops were considered, described by the
equations of motion in three-dimensional space taking into
account the forces of aerodynamic resistance and gravity.
The dynamics of the motion of the gas phase of the jet were
described by the integral equations of mass and momentum
balance. The Runge-Kutta method of the 4t order was used
to numerically solve the system of differential equations of
motion of the droplet and gas phases of the jet. Simulation
modeling methods were used to study the trajectories of
water droplets and the range of water supply from the fire
hydrant. These methods were implemented in the Delphi 12
programming environment (USA).

5. Results of the construction of a model of water jet
motion in air

5.1. Determining the characteristics of motion of a
continuous water jet after exiting a fire hose
The behavior of a water jet after exiting a fire hose is de-
termined by the Weber number
pViD
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where vy is the initial jet velocity; Dy is the diameter of the
nozzle; p, is the density of water; o is the coefficient of surface
tension of water. The velocity of the water jet at the exit of the
fire hose is related to the pressure by the following ratio
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where h is the head; g is the acceleration of gravity. Substitut-
ing (2) into (1) gives

- M 3)
o

We

For typical values of the diameter of the fire hydrant
nozzle (13 + 25 mm) and the head (20 +80 m), expres-
sion (3) produced the value of the Weber number in the
range of 7.1-10* = 5.4-10°. At such values, the jet breaks up
in the shear breakup regime [8]. This means that the jet
begins to break up almost immediately after exiting the
fire hydrant. The breakup occurs by exfoliation of individ-
ual drops (Fig. 1), as a result of which a conical jet core is
formed (Fig. 2).

Fig. 1. Loss of continuity by a water jet when moving in the
air (barrel nozzle diameter 19 mm, water pressure 70 m)

Fig. 2. Structure of a water jet in the air: 1 — water in a
fire hose; 2 — jet core; 3 — water droplet zone; 4 — high
diffused water droplet zone

For the specified range of Weber number values, the jet
core length L. is described by the following dependence [7]

L 0.5
c =11.0[&J , @
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where p, is the air density. For fire hoses with a nozzle di-
ameter of (13+25) mm, dependence (4) produced the length
of the jet core

L,~314D,, (5)
which corresponds to (4.1 + 7.9) m provided We > 3-10*.

The detachment of individual drops leads to a visual ex-
pansion of the jet
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where R,, is the radius of the jet at a distance ¢ from the bar-
rel; ¢, is an empirical coefficient that takes into account the
expansion of the jet in the core zone and the drop zone. The
value of this coefficient under the conditions of our full-scale
experiment (Fig. 1) was 0.016.

Droplets that have separated from the jet core move not
separately, but together, capturing the accompanying air.
This leads to a decrease in air resistance and the preservation
of visual continuity by the jet. In this case, the average droplet
velocity vy is close to the jet core velocity v [7]

v, =0.89v. 7)

In view of the above, when building the model, it was
assumed:

- in the core area (Fig. 2) the jet motion is determined by
the initial velocity vector and the gravitational force;

- in the droplet zone (Fig. 2) the motion of a two-phase jet
occurs, consisting of water droplets and entrained air;

- in the final section of the jet trajectory (high diffusion
zone, Fig. 2) air entrainment does not occur, and each drop
moves separately under the influence of gravitational force
and air resistance.

In the core area, the jet motion can be described by a
system of equations

d’x
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where the Z axis is directed vertically, the direction of the
horizontal X axis coincides with the direction of the jet,
and the origin of coordinates is at the exit from the barrel at
point O (Fig. 2). Integration of system (8) produced

x(t):votcose;

Z(t):vutsine—g?tz, ©)

where 6 is the angle between the fire hose and the horizontal
surface. Neglecting the curvature of the jet allowed us to
find the coordinates of the end point of the jet core from the
following expression
vit=L,. (10)
Substituting (10) into (9) gave the coordinates of the end
point of the jet core (x., z.) in the form

x,=L, cosb;
8L an

x
2v;

z,=L,sin0~
At this point, the velocity vector (vy,, v,.) of the jet core is
equal to

v, =V,cos0;
gL, (12)

v, =V,sinf—

zc

From (6) it follows that the radius of the water jet R, at
this point

D

Rwo :70+6ch' (13)
2

Substituting (5) into (13) produced
DO

R, == +3l4c,D, = (0.5+314c,)D, ~5.0D,. (14)

To determine the local velocity (uy, uy, u) of the entrained
air at a certain point of the jet cross section, it was assumed
that the velocity distribution is Gaussian depending on dis-
tance r to the jet axis

u(r) =u, exp(—l};}

0

1s)

where by is the effective radius of the jet, the value of
which was determined from the condition that the aver-
age air velocity in the droplet zone is equal to its average
velocity (7)

é”u(r)dS:O.S%c, (16)

where S is the cross section of the droplet zone of the jet at
point (x, zc)

S=7R.,. 17
Combining expressions (15) to (17) produces:
b R?
> l—exp(— V;O] =0.89;
RWO bO
RZ
0 50.2378;
0
b, =2.051R . (18)
Substituting (14) into (18) gave the estimate
b,=10.3D,, (19)

provided that the diameter of the fire hose nozzle
Dy = (13+25) mm.

5.2. Construction of equations of motion for the
drop phase of the jet

The end of the section with the jet core is the beginning of
the drop zone (Fig. 2). The simulation of the drop phase of the
jet was carried out by determining the trajectories of N indi-
vidual drops. The size of the drops is related to the diameter
of the fire hose nozzle by the following dependence

d, =kD,,

32 0

(20)

where the proportionality coefficient k is determined by the
fluid motion regime [10]; d3; is the Sauter diameter
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d; - diameter of the i-th drop. The proportionality coefficient
for fire hoses is k =~ 0.11 [14].

The Rosin-Rammler law was used to describe the distri-
bution of droplet diameters in the flow [22]

F(d)=1-exp —(;]n ,

m

(22

where F(d) is the fraction of the total volume contained in
droplets with a diameter smaller than d; d,, is the represen-
tative diameter of the drop; n is the scattering measure. The
representative diameter of the droplets d,, is related to the
Sauter diameter by the following relation

F(1+3/n)
moe 1"(1+1/n)’

(23)

where I'(x) is the gamma function. For fire hoses, the char-
acteristic value of the scattering measure is n = 3.0 + 4.0. In
particular, from the histogram of droplet diameters given
in [14], it follows that n = 3.8. Taking this into account, com-
bining (20) and (23) gives

d,=0.113D,. (24
The initial coordinates of the drops were taken as

X, (0) =X,

yi(O): ;cosd; (25)

zi(O):zC+risin¢l.,

where r;, ¢; are realizations of random variables distributed
uniformly on the intervals [0; R] and [0; 27], respectively.
The initial velocity vector of the drop was chosen taking into
account (7)

v, (0)=0.89v_;
v, (0) =V, CoSy,;
v, (0) =0.89v_ +v, siny,,

(26)

where v,; is the radial velocity of the drop; v,;, ¥; are reali-
zations of random variables distributed uniformly on the
segments [0; v, max] and [0; 27], respectively

wo s 27

t is the time it takes for water to travel the distance from
the barrel to the end of the jet core. Substituting (5) and (14)
into (27) gives

V, nax = 0.016v,.

The motion of a spherical drop in the air is determined by

the influence of gravity and aerodynamic air resistance and
can be described by a system of equations

dv, 1
m—L=——pC Aww.;
i dt 2pu DTN i
v, _ 1 C A (28)
= WW.
i dt zpa DTy
vlz

1
m. =—mg——pC Aww,,
i dt zg 2pa DT iz

where p, is the air density; m;, A; are the mass and cross-sec-
tional area of the i-th drop, respectively; (v, vy, Vi) is the vector
of the droplet velocity in a fixed coordinate system, the center of
which coincides with the fire hose; (Wi, wyy, wi) is the droplet
velocity relative to the surrounding air:

w, =V, —U;
w, =V, 9)

w,_=Vv. —U,
iz iz z

w = w>+w? +w?;
i ix iy iz

(uy, 0, uy) is the velocity vector of the gas phase of the jet at a
given point; Cp is the drag coefficient

24
C,=1Re
0.44;Re >10°;

(1+0.15Re°'687); Re<10%;

Re - Reynolds number

wd,
Re=——;
v

a

v, is the kinematic viscosity of air. For a spherical drop with
diameter d;, the mass and cross-sectional area

zd’
m=p, = (30)
d?
4="5 6

pe is the density of water. Substituting (30) and (31) into (28)
gave the system of differential equations

dv, 3p, .1
L, T Lo Wi
dt 4p, "d
dv,
J:—E&C lw.w.; (32)
dt 4p, Pd "
dv,
—‘z:—g—ip“ CDiwiwiz.
dt 4p, "d

The system of differential equations (32) together with
the initial conditions (25), (26) determine the motion of water
droplets in the droplet and high-diffusion zones (Fig. 2).

5.3. Construction of equations of motion for the gas
phase of the jet

The simulation of the motion of the gas phase of the
jet was carried out under the assumption that it retains its
axisymmetric nature. This allowed us to consider it in coor-
dinates (s, r), where the s axis is directed along the jet axis,



and its origin coincides with the point (x,, 0, z.); r is the radial
coordinate. It was assumed that the velocity profile of the gas
phase retains a Gaussian character

) oo 7|

(33)

where u,,(s), b(s) are the axial velocity and effective radius of
the jet at point s, respectively. In this case, the horizontal and
vertical components of the velocity of the gas phase of the jet are:

u :u(s,r)cosy/;

X
u, :u(s,r)sim//.

The mass and momentum balance equations for the gas
phase of the jet are as follows:

%(ﬁbzum pa) =2xbau, p,; (39)
d 2.,2
a(ﬂb umpa)=f, 335)

where o is the entrainment coefficient of neighboring air
masses. For circular jets o = 0.05; fis the total reaction forces
per unit length from all droplets arising from the deceleration
or acceleration of droplets relative to the gas phase in the
direction of the s axis

1
f(S) - E ieP(s) ¥

(36)
P(s) - set of drops located in the cross section of the jet with
a thickness of As, drawn through point s at a distance not ex-
ceeding 2b(s) from the jet axis; F;; — reaction force of the i-th
drop in the direction of the s axis

F,=F, cosy +F siny =

:%CDpadfwi(wLx cosy +w, siny ). (37)

Differentiation of the left-hand sides of equations (34), (35)
and their combined transformation gave a system of ordinary
differential equations for u,,(s) and b(s):

du, f

m

2au
=L T, (38)
ds  #b'u,p, b

db f

— =420 39
ds  27bulp, 39)

The movement of water droplets under the influence of
gravity causes a force that distorts the axis of the jet:

dy  f,cosy
=i 40
ds  #bulp, “0)
£.(5)=- T F.

¢ AS ieP(s) “

The coordinates of the gas phase axis of the jet are de-
scribed by the differential equations

dx
E:cosz//(s); 41)

d .
d—j:smy/(s). (42)

The combined solution of equations (38) to (42) under
initial conditions:

b(0)=b,=10.3D,; 43)
2
. L
0, (0) b +v7 J anos( )5
w(0)= arctgk =arctg| tg@ __& | @45
v, v2cosh )
x(0)=x; z(0)=z,, (46)

determines the motion of the gas phase of the jet.

Fig. 3 shows the trajectories of water droplets of different di-
ameters at the initial jet velocity vo = 28 m/s (barrel nozzle diame-
ter Dy = 19 mm, head h = 40 m, barrel inclination angle 6 = 45°).

Fig. 4 shows characteristics of the gas phase jet motion for
the same conditions as in Fig. 3.

z, m
18
16 A
14 A
12 A

0 5 10 15 20 25 X, m

Fig. 3. Trajectory of the water jet after exiting the fire hose:
1 — core zone; 2 — boundaries of the gas phase of the jet in
the drop zone; 3 — trajectory of a drop with a diameter of
0.84 mm; 4 — a drop of 1.56 mm; 5 — a drop of 2.23 mm;
6 —adrop of 2.93 mm

u,, m/s

z, b, m

14 28

12 A \ T+ 24
10 20

6 . + 12
4 3 +8
2 5 4
0 T T T T 0

0 5 10 15 20 xm

Fig. 4. Change in the characteristics of the gas phase of the
jet movement depending on the distance to the fire hose:
1 — z-coordinate of the jet axis; 2 — effective radius;

3 — axial velocity (along the right axis)



Fig. 5 shows the effect of head on the distance of water
supply by a fire hydrant with nozzle diameter Dy = 19 mm,
located at an angle of 35° to the horizon. To construct the
density functions, a simulation of the motion of 3-10° individ-
ual drops was carried out.

p(x)
1
0.15
2
34
0.1 -
0.05 -
0 ‘ ‘ : ‘ ; : ;
10 15 20 25 30 35 40 45 x,m

Fig. 5. Density function of the distribution of water supply
distance dependingonhead: 1 —A=40m; 2 — h=50m;
3—h=60m;4—h=70m

Analysis of the graphical relationships shown in Fig. 5
reveals that the range density function has a bell-shaped
shape, but with some asymmetry. An increase in head at a
constant angle of delivery leads to an increase in the aver-
age range with a simultaneous increase in the variance of
distribution.

6. Results of the construction of a model of water jet
motion in air: discussion

The behavior of a water jet after exiting a fire hydrant is
determined by the Weber number (1). At a head of (20 + 80)
m, typical for fire hydrants, the initial velocity of the jet is in
the range (19.8 + 39.6) m/s. Taking into account the diameter
of the nozzle of the hydrant (13 + 25) mm, this corresponds to
the values of the Weber number in the range 7.1-10* + 5.4-10°.
Such values of the Weber number mean that immediately af-
ter exiting the fire hydrant, the destruction of the continuous
jet occurs due to the detachment of individual drops from
its surface (Fig. 1). As a result, the continuous part of the jet
acquires a conical shape (Fig. 2, jet core zone). The length of
this section for the specified range of Weber number values
depends only on the diameter of the fire hose nozzle and is
determined from formula (4), which gives (4.1 + 7.9) m. The
loss of the vertical component of the velocity by the jet core
occurs due to the action of gravity, and the horizontal com-
ponent remains unchanged: a system of differential equa-
tions (8). Solving it (9) allows us to determine the coordinates
of the end of the jet core (11) and its velocity vector (12) at
this point.

Droplets that have separated from the core of the jet
form a cone-shaped stream that expands with increasing
distance from the fire hydrant (Fig. 2). Visually, this looks
like the expansion of the jet (Fig. 1). Photofixation of the
jet and subsequent measurement of the dependence of its
width on the distance to the fire hydrant allowed us to es-
timate the expansion coefficient for the core zone and the
drop zone. In particular, at the beginning of the drop zone,
the radius of the water jet is described by dependence (14),

which corresponds to values in the range (6.5 + 12.5) cm for
typical fire hydrants.

Study [7] notes that in the core zone, the average veloc-
ity of drops that have separated from the core is related to
the velocity of the core via dependence (7). Together with
formula (12), this allowed us to estimate the initial velocity
of drops in the drop zone. Braking of separated drops by air
leads to the transfer of the momentum of the drops to the
air and its capture by the jet. As a result, in the drop zone
the flow consists of two phases — drop and gas. The move-
ment of the gas phase in the direction of the drop movement
reduces the resistance force and extends the jet range. It
was assumed that for the gas phase of the jet the velocity
distribution depending on the distance to the jet axis has
a Gaussian character (15). Together with the assumption
that the average velocity of the gas phase coincides with the
average velocity of the drops in the region (14), that made it
possible to determine the effective radius of the gas phase
of the jet at the beginning of the drop zone - formula (18).
Its analysis reveals that the initial effective radius of the
gas phase of the jet is approximately 2 times larger than the
apparent radius of the water jet.

The motion of the droplet phase of the jet was modeled
using a Lagrangian approach, which considered the dynam-
ics of individual drops, described by the equations of motion
in three-dimensional space taking into account the forces
of aerodynamic resistance and gravity. The Rosin-Rammler
law (22) was used to describe the distribution of droplet
diameters. The representative droplet diameter included
in (22) was estimated through its relationship with the Sau-
ter diameter (21), which, in turn, is related to the diameter
of the fire hydrant nozzle by relationship (20). This allowed
us to obtain the dependence of the representative droplet
diameter on the diameter of the fire hydrant nozzle in the
form of (24). The measure of dispersion of droplet diameters
included in the Rosin-Rammler law was determined based
on the results reported in [14], in which drops from a fire
hydrant with a nozzle diameter of 13 mm were experimen-
tally investigated.

For each droplet, the initial coordinates (25) and the
velocity vector (26) were randomly generated. The distribu-
tion parameters (25) were chosen so that the initial coordi-
nates corresponded to the position of the droplet in the jet
cross-section at the beginning of the droplet zone. In this
case, the component of the velocity vector in the direction of
the jet axis is equal to the average velocity of the drops at the
beginning of the droplet zone. The transverse component was
chosen so as to lead to a visual expansion of the water jet in
accordance with (6).

The motion of a spherical droplet in the air, taking into
account the forces of gravity and aerodynamic resistance, is
described by a system of ordinary differential equations (28).
After substituting the expressions for the mass of the drop-
let (30) and its cross-sectional area (31), the system of equa-
tions of motion of the droplet took the form of (32). For the
numerical solution of the system of equations (32) under the
initial conditions (25) and (26), the 4th-order Runge-Kutta
method was used.

A feature of the system of equations (32) is that it in-
cludes the velocities of droplets relative to air. Therefore,
solving system (32) required the determination of the veloc-
ity distribution in the gas phase of the jet. To model the gas
phase of the jet, the Euler approach was used, within the



framework of which the axisymmetric flow and the Gauss-
ian velocity distribution in the cross section were assumed
(33). The gas dynamics were described by the integral equa-
tions of mass balance (34) and momentum balance (35). The
mass balance equation takes into account the entrainment
of ambient air by the jet. It is the entrainment of air that is
the main factor in reducing the velocity of the gas phase of
the jet. The right-hand side of the momentum balance equa-
tion (35) contains a source term due to the aerodynamic
interaction with the droplet phase (36). The combined trans-
formation of the mass and momentum balance equations
gave differential equations for the axial velocity (38) and the
effective radius of the jet (39).

Although the effect of gravity on the gas phase of the jet
is balanced by the Archimedean force, the jet axis is curved
due to the gas gaining momentum from water droplets mov-
ing downwards under the influence of gravity. As a result of
this curvature, the angle of inclination of the jet axis to the
horizon is described by the differential equation (40). And the
coordinates of the jet axis are given by equations (41), (42).
The system of differential equations (38) to (42) under initial
conditions (43) to (46) describes the motion of the gas phase
of the jet. The 4™ order Runge-Kutta method was used for its
numerical solution.

Analysis of the results of the numerical solution to the
equations of motion of droplets and the gas phase (Fig. 3)
reveals that in the drop zone, initially all droplets move
along the axis of the jet. At a distance of approximately
10 m horizontally from the fire hydrant, the axial velocity
of the gas phase of the jet drops by 3.7 times relative to the
initial one (Fig. 4), which increases the aerodynamic resis-
tance of the droplet movement. At the same time, smaller
droplets are slowed down more strongly and deviate from
the jet axis downwards (Fig. 3). Deviation from the axis
leads to an even greater force of aerodynamic resistance
due to the lower values of the gas phase velocity at a dis-
tance from the axis. As a result, the larger the water drop-
let, the further it moves along the axis of the gas phase of
the jet, reaching a greater height and range.

The dependences shown in Fig. 4 demonstrate that al-
though the axis of the gas phase of the jet undergoes some
curvature, it remains close to a straight line. This result
differs from [16], in which the axis of the jet is curved,
reaching the ground surface together with the droplet
stream. The effective radius of the jet increases linearly
with increasing distance to the barrel. This is consistent
with the known solution for an axisymmetric jet in the
absence of a droplet phase.

The randomness of the drop diameter and the depen-
dence of the droplet trajectory on its mass lead to the jet
falling to the ground not at a certain distance from the fire
barrel but in a range of values (Fig. 5). This result is qual-
itatively consistent with the jet behavior obtained during
the full-scale experiment (Fig. 1), when, as a result of the
jet spraying, water falls to the ground over a wide range of
distances. According to the tactical and technical charac-
teristics of fire hoses with a diameter of 19 mm, the maxi-
mum water supply distance at a head of 60 m is 32 m [23],
which is also consistent with the results of the calculations
shown in Fig. 5.

An advantage of the constructed model of water jet
motion is that it allows us to determine the parameters
of water distribution when it is supplied to the fire site

depending on the diameter of the barrel, its angle of in-
clination, and water head. In this case, the mutual influ-
ence of the droplet and gas phases of the jet is taken into
account.

The proposed model of water jet motion in the air can
be used when choosing forces and means for extinguishing
a fire or protecting neighboring objects [24]. A limitation
of the model is the possibility of its use for fire hydrants
designed to supply a continuous water jet, provided that
there is no wind.

A disadvantage of our model is that it is based on the
stationarity and axisymmetricity of the gas phase of the jet
and the integral approach to estimating its momentum. Thus,
the prospects for further research are associated with the use
of the Navier-Stokes equations to describe motion of the gas
phase of the jet.

7. Conclusions

1. The characteristics of the water jet motion in the
gravity field in the area of the jet core existence have been
determined. It was shown that the length of such an area
depends on the diameter of the fire hose and is (4.1 + 7.9) m
for fire hoses with a nozzle diameter of (13 + 25) mm at a
water head of (20 + 80) m. The jet expansion coefficient
with distance from the fire hose was experimentally de-
termined. The value of this coefficient was 0.016. This
allowed us to estimate the jet radius at the boundary of the
core zone and the drop zone depending on the diameter of
the hose. The effective radius of the jet of trapped air at
the boundary of these zones was determined, the value of
which was (13 + 26) cm. The obtained values are the initial
values for modeling the motion of the drop and gas phases
of the jet in the drop zone.

2. An equation of motion of the drop phase of the jet
has been constructed using the Lagrangian approach,
within the framework of which the dynamics of individ-
ual drops were considered, described by the equations of
motion in three-dimensional space taking into account
the forces of aerodynamic resistance and gravity. It is
assumed that the distribution of drop diameters obeys the
Rosin-Ramler law. A feature of the model is the mutual
influence of the drop and gas phases of the jet on the mo-
tion of each other. The result of solving the system of drop
motion equations is a set of trajectories corresponding to
different drops. It is shown that drops of smaller diameter
have a shorter range compared to drops of larger diameter.
As a result, water falls to the ground not at a certain point
but in a certain range. In particular, for a fire hose with a
diameter of 19 mm, a feed angle of 35° to the horizon and
a water head of (40 + 70) m, the width of the range into
which 90% of the water falls was (8.7 + 11) m.

3. An equation of motion of the gas phase of the jet has
been constructed, which is based on the equation of mass
and momentum balance; it also takes into account the cur-
vature of the axis due to the movement of drops under the
action of gravity. The model is based on the assumption of
axisymmetric jet and Gaussian velocity distribution in its
cross section. It is shown that the radius of the jet increases
linearly with increasing distance to the fire hydrant, and
the velocity decreases inversely proportional to this dis-
tance. The motion of the gas phase of the jet together with
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