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This work investigates the process
of interaction between the droplet phase
of a two-phase flow “droplet-air” and a
vertical wall; the subject of this study is
the trajectory of motion and character-
istics of water droplets in a two-phase
flow when they collide with a vertical
surface. The task addressed is to reduce
water losses when it is supplied by a fire
hose to a vertical wall while splashing
upon impact.

The droplet motion was modeled
within the framework of the Lagrangian
approach, in which the dynamics of
each droplet were described by the equa-
tions of motion in three-dimensional
space taking into account the forces of
aerodynamic resistance and gravity. To
take into account the stochastic nature
of droplet sizes and transverse velocity
components, 10° trajectories with diam-
eter distribution according to the Rosin-
Ramler law were simulated.

It was established that the density
distribution of a water particle reach-
ing the vertical wall has a unimodal
character. With increasing water supply
pressure, the fraction of water reaching
the wall increases significantly, and the
maximum of the distribution density
becomes more pronounced. In particu-
lar, when water is supplied by a fire hose
with a nozzle diameter of 19 mm at an
angle of 35° from a distance of 25 m, the
fraction of water that does not reach the
wall decreases from 49% at a pressure of
40 m to 8% at a pressure of 70 m.

It is shown that the interaction of
droplets with the wall occurs main-
ly under the spreading and splashing
modes, while the deposition and reflec-
tion modes account for less than 1%.
With increasing pressure, the fraction
of spreading droplets decreases, and the
fraction of splashing droplets increases.
Under the splashing mode, on average,
about 50% of the drop mass is lost. As a
result of taking splashing into account,
the water distribution density along the
vertical wall changes from unimodal to
bimodal, where the second maximum
corresponds to the zone of predominant
droplet spreading
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1. Introduction

tinguishing agent due to its high heat of vaporization, avail-

The issue of efficient water supply to the fire site remains
key in modern firefighting because water is the basic fire ex-

ability, and low cost [1]. The most effective way to extinguish
a fire is to extinguish it at the initial stage of its evolution,
when the ignition source is still small, the temperature is low,
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and the combustion products have not had time to spread [2].
Early extinguishing is especially important for critical infra-
structure facilities, high-rise buildings, industrial enterpris-
es, and warehouses, where the rapid spread of fire could lead
to catastrophic consequences. The best solution for ensuring
a prompt response without human intervention is automated
fire extinguishing systems.

The high specific heat capacity of water allows it to be
effectively used not only for direct extinguishing but also
for cooling technological equipment [3] or load-bearing
structures [4] under the thermal effects of fire. However, the
effectiveness of water fire extinguishing depends significant-
ly on the correct choice of jet delivery parameters: pressure,
barrel angle, nozzle diameter, distance to the target, and the
nature of jet interaction with the surface. Studies on water jet
dynamics, in particular its droplet breakage and interaction
with obstacles, are critical for the optimization of automated
fire extinguishing systems and firefighting robots [5].

Therefore, research into design of automated water deliv-
ery systems for fire extinguishing is relevant.

2. Literature review and problem statement

Parameters of periodic-pulse action installations for gen-
erating a finely dispersed water jet were experimentally sub-
stantiated in [6]; the optimal values of water pressure, shock
wave velocity, as well as droplet dispersion were determined.
However, most attention was paid to the formation of the jet
near the barrel, without considering its further movement in
the air. In [7], the movement of a two-phase “liquid-gas” jet was
considered, but it is formed by a pulsed high-speed water jet, the
characteristics of which differ significantly from the jet formed
by a fire hose. In [8], for a horizontally located fire hose with a
diameter of 13 mm, the sizes and speeds of the drops into which
a continuous jet breaks up were experimentally determined.
However, the trajectories of the movement of drops in the air
and their interaction with obstacles were left out of consider-
ation. Similar data on the distribution of droplet sizes in agri-
cultural sprayers (which are close to fire hoses in terms of the
formation mechanism) were analyzed in detail in [9]. It is noted
that the Rosin-Rammler law or the lognormal law is most often
used to describe the distribution of drop diameters. However,
the trajectory of drop motion in the air is not considered.

In [10], models for predicting the trajectory and point of
impact of a foam jet from a fire monitor were built, taking
into account the angle of elevation, pressure, and nozzle
diameter. The unknown coefficients included in the model
were determined based on experimental data. The disadvan-
tage of this approach is the need to determine the coefficients
when changing the conditions of the jet supply. In[11], a
model of the movement of a water jet after leaving the fire
hose was constructed, which includes the area of the jet core
and the drop zone. A feature of the model is the mutual in-
fluence of the drop and gas phases of the jet on the movement
of each other: drops, losing momentum due to aerodynamic
resistance, give it to the air. However, the interaction of wa-
ter droplets with obstacles was not investigated in the work.
In [12], an analytical model was proposed that takes into
account the jet disintegration on the droplet and aerodynam-
ic resistance. It was shown that the range decreases with
increasing Froude number at the nozzle outlet. However, the
interaction of the jet with obstacles was not considered in the
work. In [13], CFD (computational fluid dynamics) methods

were used to determine the trajectory of the water jet and its
delivery to the combustion chamber. However, in the work,
the interaction of the jet with obstacles was ignored.

In [14], the phenomenon of splashing when water is supplied
to a vertical wall using nozzles was experimentally investigated.
The fraction of water that remains on the wall and flows down it
was determined. At the same time, the case of the disintegration
of a continuous jet on a drop was not considered. In [15], the
interaction of water droplets with different types of horizontal
surfaces was experimentally investigated: dry, covered with a
thin water film, covered with a layer of water. It was shown that
the velocity of the drop affects the mode of its interaction with
the surface, but numerical estimates for the fraction of water
that is splashed are not given. In [16], the modes of interaction
of drops with the wall were determined (deposition, rebound,
spread, splash). It was shown, in particular, that the splashing
mode for a wet surface occurs at much higher droplet energies
than for a dry one. However, the study considers the behavior
of one individual drop. In [17], the mechanisms of high-speed
droplet spraying (We = (2000 -+ 30000), Re = (8000 =+ 100000))
upon impact on a dry smooth surface were experimentally
studied. At the same time, the jet from a fire hydrant is a stream
of many drops that sequentially hit a vertical wall with the ac-
cumulation of a liquid film and the influence of gravity. In [18],
the interaction of a sequence of drops with the wall was exper-
imentally studied. It was found that the frequency of droplet
fall significantly affects the interaction mode. The value of the
droplet energy at which spraying occurs is the lower, the higher
the frequency of drops. In [19], machine learning methods were
used to determine the criteria that most affect the interaction
mode of a droplet with a dry surface. It was shown that the most
significant are the Weber, Reynolds, Ohnesorge, and capillarity
numbers. But the trajectory of the droplets before they hit the
wall is ignored. In [20], the jet falling onto a horizontal surface
was investigated and it was shown that, depending on the Weber
number, the fraction of water sprayed ranges from 1% to 70%.

All this gives grounds to argue that it is advisable to conduct
research aimed at building a model of the interaction of a water
jet with a vertical wall after exiting the fire hydrant.

3. The aim and objectives of the study

The aim of our work is to build a model of the interaction
between a water jet and a vertical wall after exiting the fire
hose, which takes into account the loss of part of the water
due to splashing when hitting the wall. In practice, this opens
up opportunities for the optimal selection of water supply
parameters for cooling the walls of vertical technological
equipment. This, in turn, makes it possible to increase the
efficiency of fire extinguishing.

To achieve this goal, it is necessary to solve the follow-
ing tasks:

-to determine characteristics of the movement of the
droplet phase of the jet at the moment of collision with a
vertical wall;

- to determine the mode of interaction of individual drops
with the wall.

4. The study materials and methods

The object of our study is the process of interaction be-
tween the droplet phase of the two-phase flow “droplet-air”



and a vertical wall; the subject of our work is the trajectory of
motion and characteristics of water droplets in the two-phase
flow “droplet-air” when colliding with a vertical surface. The
principal hypothesis assumes that the motion of the two-phase
flow at the moment of collision with the wall 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
the water jet. The basic assumptions are the normal velocity
distribution in the cross-section of the jet, as well as the ab-
sence of secondary crushing or coalescence of droplets.

A water jet from a fire hydrant with a diameter of 19 mm,
designed to supply a continuous jet of water under a pressure
of (20 + 70) m, was investigated. To determine the trajectory
of the water jet within the area of its continuous core, the
equation of motion of a material point in the gravitational
field was used. The motion of the droplet phase was de-
scribed in the Lagrangian formulation, where the dynamics
of individual drops were modeled by a system of equations of
motion in three-dimensional space taking into account the
forces of gravity and aerodynamic resistance. The gas phase
of the jet was represented by integral equations of conserva-
tion of mass and momentum. The numerical integration of
the system of differential equations for both phases was per-
formed by the 4P-order Runge-Kutta method. Analysis of the
trajectories of droplets when supplying water from the fire
hydrant was carried out using simulation modeling methods.
The Delphi 12 programming environment (USA) was applied
to implement the specified methods.

5. Results of building a model of interaction between
the droplet phase of a jet and a vertical wall

5.1. Determining the characteristics of drop move-
ment at the moment of collision with a vertical wall

The water jet after exiting the fire hydrant can be condi-
tionally divided into two sections:

- the zone of existence of the jet core;

- the droplet zone.

In the first section there is a continuous jet core, which
has a conical shape due to the detachment of water droplets
from the jet surface. In the second section, the movement
of individual drops and trapped air takes place (Fig. 1). The
origin of the coordinates was taken as the point of exit of the
water jet from the hydrant.
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where 6 is the angle of inclination of the fire hose relative to
the horizontal plane; L, is the length of the jet core

L, ~314D; 2
D, is the diameter of the barrel; v is the initial velocity of the

jet; g is the acceleration due to gravity. At the point (x, z.) the
jet velocity vector is equal to:

v =V,cosb;
L 3
vZL,:vOsinH—&. ®)
vO
The radius of the water jet at this point
R,, ~5.0D,. @

The local velocity (uy, u,, u;) of the entrained air at a
certain point of the cross section depends on distance r to
the jet axis:

u(r):uC exp(—;} 6)

0
b,=10.3D,, ©)

where u. is the velocity on the jet axis.

The end of the jet core section is the beginning of the
droplet zone. In the droplet zone, the jet motion was modeled
as the motion of individual droplets and entrained air. The
Rosin-Rammler law was used to describe the droplet diam-
eter distribution [9]

F(d)=1-exp —[:j , @)

m

where F(d)is the fraction of the total volume contained in droplets
with a diameter smaller than d; d, is the representative diameter
ofthe drop; nis the scattering measure, n ~ 3.8 [8].
The representative diameter of the droplets can
be represented by the following expression

d, =0.113D,. ®)
The initial coordinates of the drops were
taken as:
X, (0) =X,
yi(o):ricos¢i; ©

z.(O):zc +rsing,

i

Fig. 1. Water jet movement diagram: 1 — fire hose; 2 — jet core;

3 — jet core area; 4 — drop zone

The coordinates of the cone vertex corresponding to the
jet core take the form [11]:

where r;, ¢; are realizations of random variables

distributed uniformly on the intervals [0; Ryy]
and [0; 27], respectively. The vector of the initial velocity of
the drop:
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where v,; is the radial velocity of the drop;

vy, Y; are realizations of random variables
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distributed uniformly on the segments [0;
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The motion of a spherical drop in the 0.11

air is determined by the influence of gravity

and aerodynamic air resistance: 0
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where (W, Wy, wi;) — droplet velocity relative to the surround-
ing air; w; - velocity modulus; pg, o, — air and water densities,
respectively; Cp — drag coefficient.

The system of differential equations (11) together with
the initial conditions (9), (10) determine the motion of water
droplets in the droplet zone. The gas phase of the jet was
simulated assuming its axisymmetric nature and Gaussian
character of the velocity distribution in the cross section [11].

It was assumed that the vertical wall is located perpen-
dicular to the X axis at a distance x,, from the barrel. For the
numerical solution of the system of differential equations of
water droplet motion in air (11) with the initial conditions
(10), (11) the Runge-Kutta method was used, in which addi-
tional checks were performed:

- if z;(t) <0, then it was assumed that the droplet fell to the
ground without reaching the wall;

- if x;(f) > x,, then it was assumed that the drop reached
the wall and the mode of their interaction was determined.

The calculation stopped when one of the above condi-
tions was met. As an example, Fig. 2 shows the distribution
density f, of water along the height of a vertical wall, provid-
ed that it is supplied by a fire hose with a nozzle diameter
of 19 mm from a distance of 25 m at an angle of 35° to the
horizon. The distribution density was calculated from the
following formula

( ) V(z,z+Az)

[z v iz

total

(12)

where V(z, z + Az) is the volume of water that fell into the
interval (g, 2 + A7), Viowa is the total volume of water supplied
by the barrel; Az = 0.25 m. For calculations, the trajectory of
10° drops was modeled.

In this case, there is an inequality

o

[£.(z)dz<1,

0

since a certain proportion of the water does not reach the wall.
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Fig. 2. Density distribution function of the vertical coordinate of the point of
impact of a water drop on a vertical wall depending on head:
1—h=40m;2—h=50m;3—hHh=60m;4—H=70m

5.2. Determining the interaction mode of individu-
al drops with the wall

The interaction mode of a drop with the wall is deter-
mined by the dimensionless Weber numbers We and Reyn-
olds numbers Re for the drop:

d
We=" VG i, 13)
Re=~ ‘::d‘ (14)

where p, u, o are the density, dynamic viscosity, and sur-
face tension of water; d; is the diameter of the water drop;
Vin is the modulus of the normal component of the velocity
of the i-th drop. The normal component of the velocity of the
drop can be found through the velocity vector (viy, vy, vir) and
the normal vector to the wall surface (ny, n,, n;)

R
in = .
Jn?+n?+n?
X Yy zZ

In particular, for a vertical wall located perpendicular to
the X axis at a distance x,, from the hose, formula (15) gives

15)

V.=V, (x ),
mn x w

where v, (x,,) is determined from the solution to the system of
differential equations (11).

Depending on the range of values of numbers (13), (14),
the following modes of interaction of the drop with the wall
are possible [16]:

— deposition - the drop sticks to the wall, remaining com-
pletely on it

We<5;
- rebound - the drop completely bounces off the wall
5<We<10;

—spread - the drop spreads along the wall, remaining
completely on it



10<We<We,; (16)

- splash - the drop breaks up, part remains
on the wall, the other part bounces off

a7

where K., = 57.7 [19].

The fraction of water that is reflected from
the wall as a result of splashing is described by
the empirical expression

p=02+c-r, (18)
where r is a random variable uniformly distrib-
uted on the interval [0; 1]; ¢ = 0.6. Substituting
(13), (14) into inequality (17) gave the condition
for the spraying mode in the following form:

pvmdi > KZ pvindi
o - Ter ,u

0.5

3 4 2
v, d,>2—3/K o u.

cles corresponding to the above
modes of interaction of the drop
with the wall under the condi-
tion of water supply by a fire
hose with a nozzle diameter of
19 mm from a distance of 25 m at
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Fig. 3. Density function of the distribution of Weber number values at the
point of impact of a drop on a vertical wall depending on head:
1—h=40m;2—h=50m;3—h=60m;4—hH=T70m
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As an example, Fig. 3 shows () ¢
the distribution of values of the

Weber number of drops fiw.(We) 0.5

when supplied by a fire hose ()4
with a nozzle diameter of 19 mm

from a distance of 25 m at an an- 0.3 2

gle of 35° to the horizon. 0.2
The density was calculated

using a formula similar to (12). 0.1

Fig. 4 shows the water parti- 0

40 50

- &

60

reflection; 3 — spreading; 4 — splashing

70 h, m

Fig. 4. Distribution of the total volume of water by modes of interaction of a drop with a
wall when water is supplied by a fire hose: 1 — does not reach the wall; 2 — sticking and

an angle of 35° to the horizon. 1
Fig. 5 shows the distribution of
water flow for the same supply condi- 0.9 1 1 1 1
tions, where the effects of the interac- () g
tion of the droplet phase of the water
jet with the vertical wall are taken into 0.7
account. 0.6
Analysis of the dependences b
shown in Fig. 5 reveals that with in- 0.5
creasing water supply pressure, the
proportion of water remaining on the 0.4
wall and participating in its cooling 3 |
approaches 50%.
Fig. 6 shows the density of water 0.2
distribution remaining on the wall,
. . 0.1
taking into account reflection losses
and ground drop. 0
Analysis of the graphical depen- 40 50 60 70 h, m

dences in Fig. 2, 6 reveals that taking
into account the reflection of water af-
ter the jet hits a vertical wall does not
change the nature of the distribution.

Fig. 5. Distribution of water consumption when it is supplied by a fire hose to a
vertical wall depending on head: 1 — reflected from the wall after the collision;

2 — did not reach the wall; 3 — remained on the wall




at which splashing occurs was chosen for a
dry wall, based on the results given in [18].

0.25

A
/3%

Due to the high values of the wall irrigation
intensity, (4 + 10) 1/s, the movement of the
water film formed on the wall has a turbulent

character. As a result, surface tension forces
do not prevent the separation of splashes from

A

. A

the surface of the film.
Water losses when it is applied to a vertical

wall are caused by two factors:
- separation of water drops from the jet and

—/
. A/
\\

their falling to the ground due to loss of speed;
- reflection or splashing of the drop after
hitting the wall.

0 - % ‘\
0 2 4 6 8 10

Fig. 6. Density distribution function of water remaining on the wall, taking
into account reflection losses and ground fallout: 1 — A=40m; 2 — h=50 m;

3—h=60m;4—h=70m

6. Discussion of results based on the construction of a
model of water jet motion in the air

After the fire jet exits the barrel, it gradually loses its
continuity due to the gradual detachment of individual drops
from the jet surface (Fig. 1). In the area of the jet core, its
motion is determined by the initial velocity, the angle of
inclination of the barrel to the horizon, and the force of grav-
ity — formulas (1), (2). In the drop zone, the jet has no core and
is a two-phase flow - individual drops and entrained air. At
the beginning of the drop zone, the jet radius is determined
by dependence (4), and the droplet velocity on its axis — by
formula (3). Due to the random components of the velocity
in the transverse direction acquired during the destruction
of the jet, as well as the random nature of the diameter of the
formed drops, there is a gradual increase in the jet radius.
Less massive drops are braked faster in the air and do not
reach the vertical wall, falling to the ground (Fig. 2). Increas-
ing the proportion of water reaching the wall can be achieved
by increasing the water supply pressure and increasing the
nozzle diameter. In the first case, the initial water velocity
increases, and in the second, the droplet diameter — formu-
la (8). Increasing the water pressure not only increases the
proportion of water reaching the wall but also makes the
impact site more compact — the maximum density of water
distribution along the wall becomes more pronounced with
increasing head (Fig. 2).

The behavior of a droplet when hitting a vertical wall
is determined by the values of the Weber numbers (13) and
Reynolds numbers (14). From (13), (14) it follows that more
massive drops will have larger values of the Weber number
not only due to a larger diameter, but also due to a higher ve-
locity. Analysis of the density of the water mass distribution
by the Weber number value (Fig. 3) reveals that with increas-
ing water pressure, the average value of the Weber number
of the droplet increases, and the distribution becomes more
symmetrical.

Analysis of the distribution of the total volume of wa-
ter by the modes of interaction of the droplet with the
wall (Fig. 4) shows that a small proportion of water falls on
the modes of sticking (We < 5) and reflection (5 < We < 10).
The main mode of interaction of the droplet with the wall is
the splashing mode. The critical value of the Weber number

Water losses due to the fact that it does
not reach the vertical wall can be reduced by
increasing the water pressure. Whereas at a
water head of 40 m about 49% of the water
did not reach the wall, then at a pressure of
70 m - only 8% (Fig.4). An increase in the
Weber number of drops leads to a decrease in the proportion
of droplets that spread (16) and an increase in the proportion
of droplets that splash (17) - Fig. 4. This is explained by the
fact that the splashing mode occurs when the product of the
drop velocity and its diameter exceeds a certain constant —
formula (19).

The fraction of water remaining on the wall increases
monotonically with increasing head and approaches the val-
ue of 0.5 (Fig. 5). This value is due to the random dependence
of the fraction of the splashed drop (18), the mathematical
expectation of which is 0.5. This result is qualitatively con-
firmed both by observations, which indicate that when water
is supplied to a vertical wall, its losses are about 50%, and by
experimental studies [14, 20].

A comparison of the water distribution density along the
wall height at the moment of impact (Fig. 2) and the water
distribution density remaining after reflection (Fig.6) indi-
cates the emergence of another local maximum, as a result
of which the distribution density function becomes bimodal.
The local maximum appears in the region where the droplet
spreads along the wall surface (16). This mode of interaction of
drops with the wall is the most optimal, but its practical imple-
mentation is complicated by the random nature of the droplet
sizes (7) formed during the destruction of a continuous jet. One
way to increase the water utilization factor is to reduce the dis-
persion of the droplet Weber number with a simultaneous shift
of the distribution mode to the region of the droplet spreading
mode (16). This can be achieved by reducing the water head
while simultaneously reducing the distance between the barrel
and the wall if safety requirements allow.

The advantage of the constructed model of interaction
between a water jet and a wall is the ability to determine
the parameters of water distribution along the wall when
it is supplied from a fire hydrant depending on the supply
parameters. The model makes it possible to determine the
proportion of water that is lost on the way to the wall and
the proportion of water that is reflected from the wall after
hitting it. The practical significance of the results is to in-
crease the water utilization factor by optimally choosing the
parameters of its supply: distance, angle of inclination, nozzle
diameter, and head. This is of particular importance for fire
protection systems in which human participation should be
minimized, in particular, for stationary water cooling instal-
lations and fire robots.

12 Z, m



The proposed model of interaction between a water jet
and a vertical wall could be used when selecting forces and
means to protect technological equipment from the thermal
effects of fire [21]. Another direction is its application in the
design of automated fire extinguishing systems at critical
infrastructure facilities [22].

The limitation of the model is the possibility of its use for
fire hydrants designed to supply a continuous water jet in the
absence of wind.

The disadvantage of the constructed model is that it is
based on the assumption of axisymmetricity of the gas phase
of the jet and the absence of interaction of drops with each
other when moving in the air.

Prospects for further research are associated with in-
creasing the water utilization factor by selecting the drop size
and speed at the moment of impact on the wall.

7. Conclusions

1. The characteristics of droplet motion at the moment of
collision with a vertical wall have been determined using a
model of two-phase jet motion in air. The system of differen-
tial equations describing the motion of an individual droplet
was solved numerically using the Runge-Kutta method. To
take into account the random nature of droplet size and the
transverse components of its velocity, the motion of 105 drops
was simulated. The density distribution of the water fraction
that reached the vertical wall is described by a unimodal
function. With increasing head, the fraction of water reach-
ing the wall increases, and the maximum density distribution
becomes more pronounced. In particular, when water is
supplied by a fire hose with a nozzle diameter of 19 mm at
an angle of 35 degrees from a distance of 25 m, the fraction
of water that did not reach the wall decreases from 49% at a
head of 40 m to 8% at a head of 70 m.

2. We have shown that for the sizes and velocities of drops
formed when water is supplied by a fire hose, the interaction
of drops with a vertical wall occurs mainly in the spreading
or splashing modes. Other modes of interaction (deposition
and reflection) account for no more than 1%. In this case, an
increase in the water supply head leads to a decrease in the
proportion of drops interacting with the wall under the spread-

ing mode and an increase in the proportion of splashing drops.
The consequence of interaction between a drop and a wall un-
der the splashing mode is the loss of an average of 50% of water.
Taking into account splashing, the density of water distribu-
tion along the vertical wall acquires a bimodal character - the
second maximum corresponds to the area on the wall where
the interaction of drops under the spreading mode takes place.
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