
Models for Predicting the Jet Trajectory and Intensity Drop Point of Fire Monitors

Xiaojing Hou, Yongyou Cao*, Wenfeng Mao, Zheng Wang and Jiwu Yuan

China Petroleum and Chemical Corporation Research Institute of Safety Engineering, Qingdao, 266000, China
*Corresponding Author: Yongyou Cao. Email: cyy.qday@sinopec.com

Received: 29 January 2021 Accepted: 08 April 2021

ABSTRACT

Two models are defined for predicting the trajectory of a foam jet originating from a fire monitor (hydrant) and
the related intensity drop point. An experimental framework is also defined and used accordingly to compare
real-time data with the predictions of such models. This mixed theoretical-experimental approach is proven to
be effective for the determination of otherwise unknown coefficients which take into account several important
factors such as the operation pressure, the elevation angle and the nozzle diameter. It is shown that the mean
absolute error is smaller than 20%.
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Nomenclature
V0: initial exit velocity of the fire monitor (m/s)
d: diameter of fire monitor base (m)
d0: exit diameter of fire monitor (m)
A: cross-sectional area of fire monitor base (m2)
A0: cross-sectional area of fire monitor exit (m2)
v: velocity of jet unit (m/s)
P: working pressure of fire monitor (Pa)
P0, Ps: atmospheric pressure (Pa)
ρ1,ρ: density of test fluid (kg/m3)
Q: flow rate of fire monitor base (L/s)
Q0: flow rate of fire monitor exit (L/s)
ρ: density of test fluid (kg/m3)
mg: gravity (N)
F: air friction (N)
α: elevation angle of fire monitor (°)
vx: sub-velocities of jet unit in horizontal direction (m/s)
vy: sub-velocities of jet unit in vertical direction (m/s)
θ: movement angle of jet unit with respect to the horizontal (°)
k: air resistance coefficient
m: mass of jet unit
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Re: reynolds number
μ: dynamic viscosity of test fluid (Pa · s)
r: intensity of drop point of fire monitor (m3/(m2s))
MAE: mean absolute error

1 Introduction

With the continuous development of the economy, the demand for petroleum and chemical products has
been constantly increasing. The quantities and number of types of flammable liquids produced, transported,
stored, and used have been increasing as well. Because the fires caused by these flammable liquids are
difficult to extinguish, the booming petrochemical industry has presented major challenges related to fire
safety. Severe fires caused by flammable liquids (usually termed “Class B” fires) have occurred
frequently, leading to large numbers of casualties and massive property damage [1]. However, the
petrochemical industry is the cornerstone of the energy industry and plays a critical role. Therefore, in
addition to supervising the day-to-day fire protection in petrochemical companies, it is necessary to
formulate targeted fire protection plans. Furthermore, the use of different types of firefighting techniques
and rescue facilities and advanced and efficient firefighting technologies is essential to ensure efficient
firefighting within petrochemical enterprises.

As the most important firefighting and rescue tools, fire monitors have increasingly become prominent
and widespread in related applications. The performance of fire monitors directly affects the efficiency of fire
rescue. Therefore, it is necessary to research the jet characteristics of fire monitors, enhance our
understanding of the performance of fire monitors, and improve the application level of fire monitors. The
jet trajectory and drop point intensity of fire monitors are two important parameters for evaluating the jet
performance of fire monitors. As the drop point intensity of a fire monitor increases, its impact force
increases, and a large impact force can help extinguish a fire early and rapidly. When the burning area of
a fire is larger than the maximum effective fire control area of the jet, the fire may be out of control [2,3].
Therefore, in the face of complex fire scenarios and serious fires caused by combustibles, it is critical to
correctly predict the jet trajectory and fall point intensity of fire monitors to accurately control fires in time.

The research on fire monitors can be divided into two branches, namely studies on the flow law of the jet
working fluid inside fire monitors [4–14] and studies on the jet trajectory, range, and height of fire monitors,
that is, the motion trajectory and flow field distribution of fire monitor jets in air [15–22].

Most of the studies on fire monitors have focused on the flow law of the jet working fluid inside and
outside of fire monitors. For example, Zhou et al. [4] used Fluent to numerically simulate the flow of
working fluid in a fire monitor and analyzed the influences of cross-sectional shape, channel diameter,
and pressure on the jet flow characteristics of the fire monitor to obtain the optimal structural parameters
of the flow channel. Hu et al. [5–7] performed numerical simulations to study the influence of fire
monitor structure and flow channel parameters on fire monitor jets and conducted related experiments for
comparison with the simulation results. They analyzed the fluid stability and velocity change law at the
elbow to further optimize the relevant fire monitor parameters.

The existing studies on fire monitor jets are focused on jet movement in air after the fire monitor outlet,
which involves liquid movement and breaking of the jet in complex ways. Hatton et al. [15,16] performed a
three-dimensional numerical simulation of the jet trajectory of a fire monitor by considering the influence of
wind. Moreover, they conducted experiments involving fire monitor jets under different working conditions,
and the results of these experiments agreed well with their numerical results. Miyashita et al. [17,18] used the
semi-implicit moving-particle method to numerically simulate the jet trajectory of a fire monitor under
different working conditions. Their results indicated that the jet trajectory was related to the jet flow rate
and pressure. Through simulations and experiments, Sun [19] established a linear-regression-based
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method to predict the jet trajectory of fire monitors. In addition, Song et al. [3] introduced the term drop point
intensity to study the fire control performance of fire monitors and experimentally studied the distribution
characteristics of drop point intensity and laws of fire water monitors.

Overall, the studies on the jet characteristics of real fire monitors are limited, and most of these works are
numerical simulations and small-scale experiments that were conducted to verify numerical models. Thus,
these studies are not practically significant for firefighting because they do not consider the relevant
factors, such as operation pressure, nozzle size, and elevation angle. Moreover, water is used as the
working fluid in most of the existing experimental studies, and data on foam jets and the associated
trajectory prediction models are lacking. In addition, most of the studies on fire monitors have focused on
the flow law of the jet working fluid inside and outside a fire monitor [4–22], but there are few studies on
the strength parameters of foam jets.

In the present study, photography and pixel analysis are used to develop an experimental system for
measuring the trajectory and drop point intensity of the extinguishing agents used in real fire monitors.
A mixture of foamite and water is used as the test fluid. Moreover, a semiempirical model is proposed to
predict the trajectory and drop point intensity. The coefficients used in the theoretical derivation are
obtained through data regression. The major parameters considered include monitor operation pressure,
elevation angle, and size of monitor nozzle.

2 Experimental Facilities and Methods

Fig. 1 shows a schematic diagram of the experimental system. The major system components include a fire
monitor, a pressure gauge, a flow meter, two cameras, a weather meter, and a PC terminal. An aqueous film-
forming foam (6%, AFFF) is used as the fire extinguishing agent. The experimental process is recorded using
two high-resolution cameras aligned parallel and perpendicular to the jet. The front-view videos capture the
trajectory and width of the drop point, and the side-view videos capture the width of the drop point.
Quantitative analyses of the jet trajectory and jet coverage area at the drop point are realized through pixel
analyses in the LabView software environment. A benchmark is configured in the experiments as a
reference to calculate the pixel size during image processing. A schematic diagram of the image processing
scheme is shown in Fig. 2. During the experiment, the jet flow from a fire monitor is greatly affected by
local air convection. Therefore, the wind speed and direction during our experiment were measured using a
meteorological instrument, and the measured data were recorded on a computer. Due to the large range and
height of the fire monitor used herein, the experiment was conducted in an open field.

Figure 1: Schematic diagram of experimental system
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In this experiment, when the jet generated from the fire monitor was sustained for more than 30 s and
reached a stable state, the trajectory and jet coverage area on the ground were recorded. The intensity of the
jet drop point was defined as the ratio of flow rate to coverage area, L/min·m2. The foam was dyed before it
was sprayed to identify the coverage area. The ground was pixelated to calculate the jet coverage area
accurately, as shown in Fig. 3.

Many factors affect the trajectory and drop point intensity, and they can be grouped into the following
three categories: working condition parameters, including the pitch angle and operation pressure; equipment
structure parameters, including the internal flow channel structure and nozzle design of firefighting
equipment, which affect the jet shape and range; and external influence factors, such as wind speed, wind
direction, and other environmental factors.

Because environmental factors such as wind speed and wind direction often change according to
complex mechanisms, it is difficult to quantitatively analyze the influences of these factors on foam jets.
Because a reasonable experimental site and time were selected in this study, the experimental
environmental conditions were well controllable. Therefore, the environmental influence factors were not
analyzed in this study. Only the working condition parameters and equipment structure parameters
influencing the foam jet were studied. The working condition parameters included the pitch angle and
operation pressure, and equipment structure parameters included the nozzle size.

In this study, three common fire monitors were used in the actual foam injection experiments. The
operation pressure was varied from 0.4 MPa to 1.0 MPa in steps of 0.1 MPa. The pitch angle was varied
from 30° to 60° in steps of 5°. The experiment was a complete experiment with three variables, namely
the operation pressure, pitching angle, and type of fire monitor. Each time the operating conditions cause
one of the variables to change, the other variables remain unchanged. By multiplying the number of
levels of each variable (namely, the operation pressure, pitching angle, and type of fire monitor), in total,
147 sets of operating conditions were designed for use in the experiment. Each set of operating
conditions was used thrice in the experiment, resulting in the generation of 441 datasets.

Figure 2: Schematic diagram of image processing scheme

Figure 3: Schematic for measuring jet drop point intensity
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3 Model Buildup

3.1 Initial Jet Velocity and Flow Rate
The initial exit velocity of a fire monitor v0 (m/s) mainly depends on its structural parameters,

working pressure, and flow rate. The main structural parameters of a fire monitor are the diameter of its
base d (m) and its exit diameter d0 (m). The corresponding cross-sectional areas A (m2) and A0 (m2) are
calculated as follows:

A ¼ pd2

4
(1)

The jet working fluid is ejected from the fire monitor and enters air, and the solid wall no longer restricts
the movement of the jet working fluid. At this time, the potential energy due to pressure is converted into
kinetic energy. According to Bernoulli’s equation [23],

p

ql
þ v2

2
¼ p0

ql
þ v20

2
(2)

By substituting the relationship between the jet flow rate and jet velocity, that is, v =Q/A, into Eq. (2), we
can obtain the relationship between the working pressure (Pa) and the flow rate of a fire monitor (L/s).

Q ¼ AA0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2p

q A2 � A2
0

� �
s

(3)

where ρ (kg/m3) denotes the density of the jet working fluid , and p denotes the monitor operation pressure.
After determination of the cross-sectional area of the fire monitor outlet, there exists a fixed conversion
relationship between the operation pressure and flow rate of the fire monitor. Thus, the initial jet velocity
(m/s) can be computed as follows:

v0 ¼ Q=A0 ¼ A

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2P

q A2 � A2
0

� �
s

(4)

3.2 Model for Predicting Jet Trajectory
For fire monitors, the jet trajectory can be regarded as constrained parabolic motion. To analyze the jet

trajectory characteristics of a fire monitor, its jet is divided into a mass of liquid units, which are used as the
objects in theoretical analysis. These liquid units move in air as plane projectiles, and the force analysis
of these units is presented in Fig. 3. Since the density of air is considerably lower than that of the
working fluid, the buoyancy of air is neglected. Moreover, because the shooting range of the fire monitor
is less than 100 m, the jet is mainly affected by gravity mg and air friction F(N). In Fig. 4, v0 (m/s) is the
initial jet velocity at the exit of the fire monitor; α (°) the elevation angle of the fire monitor; vx (m/s) and
vy (m/s) the sub-velocities of the jet unit in the horizontal and vertical directions, respectively; and θ (°)
the movement angle of the jet unit with respect to the horizontal.

It is generally accepted that the air resistance of the jet unit is proportional to the square of the jet
velocity, but its direction is opposite to that of the jet velocity.

F ¼ �kv2 (5)

where k is the air resistance coefficient, and v is the velocity of a jet unit.
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Based on the above force analysis and Newton’s law of motion, the force of a jet unit is disintegrated,
and the dynamic equations of the projectile along the x and y directions are established.

dx

dt
¼ vx (6)

dy

dt
¼ vy (7)

m
dvx
dt

¼ �kv cos h (8)

m
dvy
dt

¼ �kvy � mg ¼ �kv sin h� mg (9)

vx ¼ v cos h (10)

vy ¼ v sin h (11)

By eliminating vx and vy from Eqs. (7)–(11), we obtain the following differential equations of the
trajectory of fire monitor units:

m
d2x

dt2
¼ �k

dx

dt
(12)

m
d2y

dt2
¼ �k

dy

dt
� mg (13)

Based on the given initial conditions, the mass of a jet unit is m; initial velocity is v0; elevation angle is
α; x0 ¼ 0, y0 ¼ 0, v0x ¼ v0cosa, and v0y ¼ v0sina. Then, the differential Eqs. (12) and (13) can be solved
as follows:

x ¼ m

k
v0 cos a

� �
1� e

�
k

m
t

0
@

1
A (14)

y ¼ m2

k2
þ m

k
v0 sin a

� �
1� e

�
k

m
t

0
@

1
A� m

k
gt (15)

By substituting Eq. (14) into Eq. (15), we can obtain the motion trajectory equation of the fire monitor jet
as follows:

Figure 4: Force analysis of the liquid jet unit
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y ¼ mg

kv0 cos a
þ tan a

� �
xþ m2

k2
g lnð1� kx

mv0 cos a
Þ (16)

where ln 1� kx

mv0 cos a

� �
can be subjected to Taylor expansion as

lnð1� kx

mv0 cos a
Þ ¼ � kx

mv0 cos a
� 1

2
ð kx

mv0 cos a
Þ2 � 1

3
ð kx

mv0 cos a
Þ3 � 1

4
ð kx

mv0 cos a
Þ4 (17)

By substituting Eq. (17) into Eq. (16), we can obtain the following theoretical expression of
jet trajectory:

y ¼ x tan a� 1

2

g

v02cos2a
x2 � 1

3

kg

mv03cos3a
x3 � 1

4

k2g

m2v04cos4a
x4 (18)

According to Eq. (18), the jet trajectory of a fire monitor is related to the mass, initial velocity, air
resistance coefficient, and elevation angle of the jet.

The extracted experimental data are the position coordinates in the jetting process, which are used to
calculate the undetermined coefficients in the prediction model. The jet trajectory curve is divided into
the outer trajectory curve and the inner trajectory curve, as illustrated in Fig. 1. Because the inner
trajectory is relatively blurred compared to the outer trajectory, the trajectory of a fire monitor jet is based
on the outer trajectory. Eq. (18) presents a theoretical formula for predicting the jet trajectory of a fire
monitor in the absence of wind. To increase the practicality of this formula, four undetermined
coefficients A, B, C, and D are introduced for correction, and the formula is modified as follows:

y ¼ Ax tan a� Bg

2v20cos
2a

x2 � Cg

3v30cos
3a

x3 � Dg

4v40cos
4a

x4 (19)

These undetermined coefficients are acquired through the fitting of experimental results.

The equation for computing the outer jet trajectory when using foam as the working fluid is

y ¼ 1:31x tan a� 2:87
g

v20cos
2a

x2 þ 2:23
g

v30cos
3a

x3 � 0:993
g

v40cos
4a

x4 (20)

3.3 Model for Predicting Drop Point Intensity
Due to the significance of drop point intensity in actual firefighting, it is imperative to develop a practical

model or correlation to predict this parameter. Before regression of the experimental data, several
dimensionless parameters should be defined.

The jet Reynolds number [24] is defined as

Re ¼ qv0d
l

(21)

where d denotes the exit diameter of a fire monitor. The elevation angle of the fire monitor α is normalized by
the constant π

h ¼ a
p

(22)

The operation pressure of a fire monitor P is normalized as follows:

P ¼ P

PS
(23)
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where Ps denotes atmospheric pressure. The drop point intensity of a fire monitor r is normalized
as follows:

R ¼ r

v
(24)

where v, which denotes the average exit velocity under all working conditions, is set to 40 m/s.

The intensity of the drop point in units of m3/(m2s) is calculated using Eq. (25)

r ¼ Q=A (25)

When the working fluid is foam, the flow rate must be multiplied with the foaming multiple of the
aqueous film-forming foam agent, which is 6.6 in this study. The landing shape of the fire monitor jet is
extremely irregular, and it is difficult to measure its actual area. Therefore, in this experiment, we assume
that the jet landing area is elliptical, meaning that its area can be calculated as A = πab, where a and b
are lengths of the ellipse axes.

For different fire scenarios, the drop point intensity requirements are different. In other words, only when
the jet intensity of a fire monitor exceeds a certain value, a fire can be effectively extinguished. From the
practical perspective, the drop point intensity is related to the operation pressure, jet exit velocity, and
elevation angle of a fire monitor. Thus, we assume that these parameters satisfy the following
relationship:

R ¼ a3Re
b3hc3pd3 (26)

The multiple linear regression method is used to analyze the relationship between the coefficients in
Eq. (26) and solve the values of a3, b3, c3, and d3. Eq. (26) is transformed into the following linear
regression equation

lnR ¼ ln a3 þ b3lnReþ c3 ln hþ d3 lnP þ e3 (27)

To accurately obtain the regression coefficients in the above equations, many data points for drop point
intensity are generated. When the working fluid is foam, the coefficients are lna3 = -23.969, b3 = 1.221,
c3 = -0.382, and d3 = -0.969.

4 Model Validation

To evaluate the accuracy of the prediction model, we use the concept of mean absolute error (MAE),
which is defined as follows:

MAE ¼ 1

N

X Spred � Sexp
				

Sexp
� 100% (28)

where N represents the number of data points, and the subscripts pred and exp represent the predicted and
measured values, respectively. Comparisons between the experimental measurements and the model
predictions of the outer trajectory of the jet under various conditions are shown in Figs. 5–7. The model
can accurately predict the jet trajectory. The calculated MAE of the jet trajectory predicted using this
model was 10.3%, while that of the jet trajectory predicted using the model of jet drop point intensity
was 15.1%. Fig. 8 presents a comparison between the experimental results and model prediction of the
intensity of the drop point. Although the MAEs are slightly high, they are less than 20% and are,
therefore, acceptable for fulfilling the requirements of this engineering application.
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Figure 5: Comparison between experimental and model-predicted jet trajectory with pressure of 0.4 MPa
and elevation angle of 30°

Figure 6: Comparison between experimental and model-predicted jet trajectory with pressure of 0.5 MPa
and elevation angle of 40°

Figure 7: Comparison between experimental and model-predicted jet trajectory with pressure of 0.6 MPa
and elevation angle of 50°
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5 Conclusions

A theoretical model for predicting the jet trajectory of fire monitors was developed based on the results
of a unit force analysis. Based on this model, a semiempirical model was established from the practical
perspective by considering the effects of the operation pressure, elevation angle, and nozzle diameter of a
fire monitor. This model accurately predicted the jet trajectory with an MAE of 10.3%. Given the
importance of jet drop point intensity in firefighting, an empirical model based on multiple linear
regression was proposed to predict the jet drop point intensity. This model was fitted using an adequate
number of experimental data points obtained under various conditions by considering the above three
practical operation parameters, and the MAE of this model was 15.1%. The accuracies of both
models are adequate for engineering applications, and both models are suitable for acquiring the key
parameters of firefighting foam field operations, such as trajectory and jet drop point intensity. This study
provides the basic ideas and data, as well as prediction methods, that can be used to enhance fire
extinguishing operations.
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