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Abstract: Burning forests, petrochemical installations and material warehouses generate very large
fields and thermal gradients, which means human intervention to extinguish the fire is greatly limited.
For that reason, the use of robots is recommended, but because of high temperature, they have to be
equipped with protective thermal shields. This article is an analytical, numerical, and experimental
study on how a double-wall, stainless steel heat shield influenced the thermal gradients acting on
a firefighting robot. Following the analytical analysis at a maximum temperature of 350 ◦C, it was
possible to identify the parameters that must be measured to be correlated with those from finite
element analysis (FEM) analysis. Experimental tests showed a decrease in temperature behind the
shield due to the stainless steel and the double-walled. The main conclusions and contributions of
this paper consist of the realization of a finite difference model with FEM that takes into account
conduction, convection, and radiation. It also highlights the benefits of using a multilayer shield.

Keywords: robot; thermal; shield; sensors; experimentally; numerically; firefighting; autonomous
vehicles

1. Introduction

Robotic risk response systems are very useful [1–3] for protecting personnel and
increasing efficiency [4–6]. However, it is advisable that robotic firefighting systems be
equipped with protective equipment against radiation [7,8] and high temperatures [9] be-
cause a firefighting robot might pass through areas contaminated by radiation or chemicals.
Excessive sensor equipment is not the best solution, so additional risk area investigation
systems are used where a robot must intervene [10–13].

The design and Implementation of highly complex and robust robotic intervention
systems lead to prohibitive costs. In this case, a low-cost solution needs to be devised so
that materials are used efficiently [14,15].

Increasing the intervention capacity of a fire-extinguishing robot can be achieved
by attaching a thermal protection shield. If it can be attached quickly, the preparation
time will be short. The setup is very easy and the robot must intervene before the fire
department does. Because there is no mention in the literature of the use of specialized
programs and methods to evaluate autonomous mobile robots in extreme environments
with high temperatures, a 6 × 6 vehicle model was used for which there are experimental
data capable of validating the simulation methods. The data concerned the environmental
operating conditions, overall dimensions, and ability to tolerate certain components (such
as a heat shield) that may alter the center of gravity. When temperatures are high and the
wind changes direction, it makes these often contradictory needs even harder to meet.

The purpose of this paper is to show that a double-wall heat shield reduces the
temperature to which a firefighting robot is subjected during a mission. Achieving this goal
consisted of creating the heat shield, making a laboratory stand to test the shield, making
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an analytical calculation model, and performing modeling/simulation in finite element
analysis (FEM).

Because the objectives for effective intervention and robot protection are antagonistic
to one another [16,17], it was thought that a workable compromise might be expressed
as follows:

• Conditions imposed by engine type:

# Thermal management [18];
# Payload [19,20];
# Dynamism characteristics depending on terrain and artificial obstacles [21–23];

• Limitations resulting from the degree of fire evolution prediction [24,25];
• Limitations resulting from the degree of thermal gradients of heat sources [26,27];
• Material properties specific to the robot structure, as well as the components intended

to protect the robot and the equipment from high temperatures (sensors, accumulators,
and controllers) [28–30].

For the robot, stainless steel was used for the magnetic protection systems as it was
found that the reflection index of this type of stainless steel was higher; therefore, the
temperature reduction gradient on the surface of the shield could be increased. The choice
of material was made by testing the different types available, and the values for the one
used [28] were entered into the calculations.

The fire extinguishing robot was developed at the level of an experimental
laboratory model.

Formulating the task from the point of view of our own research refers to:

• The possibility of flaws in the design/realization of the robot, as these will be at
technology readiness level 2 (TRL2) in the research center laboratory;

• The lack of specialized laboratory equipment for the mechanical processing of high-
temperature-resistant materials;

• Determining the geometric shape of the protection system to obtain coefficients of
refraction and reflection corresponding to a reduction in the amount of thermal energy
to the robot [31–33];

• Developing an analytical–numerical model for heat transfer process calculation;
• High-temperature protection system testing and evaluation.

A significant portion of the properties of firefighting robots can be analyzed thanks to
the condition of this area of research that is now described in the literature [34–36]. When
comparing the performance of firefighting robots, factors such as weight, height, length,
width, chassis material, power supply, speed, fire-extinguishing sources, and how they
moved are taken into account [37].

The functional parameters of a robot that give it the ability to operate in hostile
environments are acceleration, maneuverability, obstacle avoidance, field orientation (video,
acoustics), functional capacity at high temperatures, and the ability to bypass areas at
temperatures at which observation, investigation, and radio equipment can no longer
operate [38–40].

On top of that, we set ourselves this goal because, in the literature, there are no
references that have evaluated protection systems for terrestrial robots in the event of
their exposure to high temperatures. Related to this aspect, the nature and quantity of
combustible materials lead to the release of unpredictable energy. This firefighting robot
was equipped with a protective heat shield, which is a subassembly with a heterogeneous
structure. The heterogeneity of this robot comes from its integration of several subsys-
tems: sensory, communication, weather station, fire extinguishing foam, propulsion, and
command and control. Each of these has a distinct role. Integrative heterogeneous sub-
system/system solutions enable the solution of complex problems, such as conducting
missions in high-temperature areas. In individual mode (homogeneous subsystem), each
subsystem performs a certain mission; in an integrated mode, they respond to a variety
of tasks.
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The paper is structured as follows: Section 2 discusses the geometric characteristics
and materials used to make a heat shield; Section 3 discusses the algorithm for calculating
the analytical behavior of the thermal shield in various situations; Section 4 presents the
results of the experimental study of how the heat shield reacted to a heat flux generated by a
portable burner-type device; Section 5 describes the analytical model for the non-stationary
case of heat transfer by radiation, convection and conduction; Transfer modeling with the
finite volume technique is illustrated in Section 6; Section 7 presents the conclusions and
Section 8 presents potentials for further development.

2. Theoretical Aspects

In the context of our investigation, a heat shield was added to an emergency fire-
response robot. The goal was to reduce overall heat transmission between two radiant
surfaces. This was achieved by putting an emitting and receiving radiation shield system
between the surfaces. A layer of stainless steel plates made up of multilayer insulation
(MLI), which reduced heat transmission through conduction and convection mechanisms.
Radiation dominated heat transport with its multilayer architecture (Figure 1).
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Figure 1. Radiation Shield between two parallel planes.

The heat transfer associated with radiation for a multilayer shield was determined
by the method of infinite parallel planes, regardless of the shape of the surfaces of the
elements that constituted the heat shield. For analytical purposes, the shield surfaces were
identical for calculating heat transfer. In an approximate shape, both the robot chassis and
the heat front were considered to have the same dimension and shape as the heat exchange
surfaces (1).

.
q12 =

Aσ
(
T4

1 − T4
2
)(

1
ε1
+ 1

ε2
− 1
) [W/m2], (1)

Heat transfer occurs through finite surfaces (i.e., heat shields), which have low emissiv-
ity indices (Kirchhoff’s law). As a result, the radiation shield’s surface is highly reflective,
which minimizes the net radiative heat transmission between the shield’s two surfaces
when they are connected in series. Based on the assumption that the surfaces were endlessly
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dimensional, the emissivity factor between two surfaces in the case of infinity was equal to
unity. Equation (1) changes into [38]:

.
q14 =

σ
(
T4

1 − T4
2
)(

1−ε1
ε1 A1

+ 1
A1F1−2

+ 1−ε2A
ε2A A2

+ 1−ε2B
ε2B A2

+ 1
A3F2−3

+ 1−ε3B
ε2A A3

+ 1−ε3B
ε3B

+ 1
A3F3−4

+ 1−ε4
ε4 A4

) . (2)

3. Analytical Model for the Stationary Case of Heat Transfer by Radiation

The analytical method for determining the temperature variation in the material is
as follows:

∆TS =
αc + αr

cS · ρS
·

Hp

Ag
·
(

Tf − TS

)
· ∆t. (3)

The theory behind MLI heat transfer performance is based on the fundamental con-
cepts of radiation heat transfer. As can be seen in Figure 2, the projected shield is a system
of two semi-cylindrical, relatively thin and opaque plates arranged along the median axis
in the direction of radiated heat propagation. It is made of material with very low ab-
sorption and high reflectivity. In this case, stainless steel was used for the shield and the
robot chassis.
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Without radiation shields, the net heat exchange between infinite parallel planes is
given by 

Q12 =
(

Fg
)

12 A1σb
(
T4

1 − T4
2
)
[W]

F12 = 1
[(

W
m2K

)−1
]

A1 = A2 = A
[

W
K

]
(

Fg
)

12 = 1
1

ε1
+ 1

ε2
−1

[(
W

m2K

)−1
]

Q12 =
Aσb(T4

1−T4
2 )(

1
ε1
+ 1

ε2
−1
) [W]

. (4)

The placement of thermal radiation shields does not remove or add heat to the system,
but under equilibrium conditions the thermal shield plates reach temperatures T2 and T3,
considering that both sides of the shield plates have the same emissivity [38]:

Aσb
(
T4

1 − T4
3
)(

1
ε1
+ 1

ε3
− 1
) =

Aσb
(
T4

3 − T4
2
)(

1
ε3
+ 1

ε2
− 1
) . (5)

The simplified processing of Equation (5) shows:
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ε3
− 1
)

(
1
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+ 1
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. (6)

From Equations (4)–(6) it follows that:

(Q12)net =
Aσb

(
T4

1 − T4
2
)(

1
ε1
+ 1

ε3
− 1
)
+
(

1
ε3
+ 1

ε2
− 1
) [W]. (7)

By comparing the radiant energies with and without the shield, we obtained

with shield
without shield

=

(
1
ε1
+ 1

ε2
− 1
)

(
1
ε1
+ 1

ε3
− 1
)
+
(

1
ε3
+ 1

ε2
− 1
) [−]. (8)

If ε1 = ε2 = ε3 it follows that the ratio in Equation (8) is 1
2 , and it is obvious that by

inserting a shield, the heat transfer was substantially reduced.
If the temperature of the shield plate, the second plate from the robot, reaches temper-

ature T3 according to (8), it will have the value of T4
3 = 1

2
(
T4

1 + T4
2
)[

K4], in which case the
heat transfer without a shield will be given by

Q =
A
(
Eb1 − Eb2

)(
1−ε1

ε1
+ 1

F12
+ 1−ε2

ε2

) =
Aσb

(
T4

1 − T4
2
)(

1
ε1
− 1
)
+ 1 +

(
1
ε2
− 1
) =

Aσb
(
T4

1 − T4
2
)

2
ε − 1

. (9)

Then, the heat transfer through the shield plate will be

Q =
1
2

Aσb
(
T4

1 − T4
2
)( 2

ε − 1
) . (10)

From a comparative analysis of Equations (9) and (10), we find that the ratio of heat
flow with a thermal shield reduces the heat flux by half compared with exposing the robot
to thermal radiation without a shield. If n plates are inserted into the structure of the heat
shield, then

• There will be two surface resistors for each plate of the heat shield and one for each
radiation plane. When the emissivity of all surfaces is equal, then all surface resistances
(2n + 2) will have the same value: 1−ε

ε .
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• If there are (n + 1) spatial resistances, the configuration factor for each will be equal to
the unit.

Therefore, the total strength of the physical system, for n plates forming a shield,
will be

R(n − shields) = (2n + 2)
1 − ε

ε
+ (n + 1) · 1 = (n + 1) ·

(
2
ε
− 1
)

, (11)

so that the heat exchange is expressed by the following equation:

Q =
1

n + 1
·

Aσb
(
T4

1 − T4
2
)( 2

ε − 1
) . (12)

The analytical model leads to the conclusion that n component plates in a heat shield
reduce the transfer of radiant heat by a factor of (n + 1).

4. Experimental Study on the Behavior of the Thermal Shield to the Action of Fire

A flame obtained by burning liquefied petroleum gas (LPG), a mixture of hydrocarbons
consisting predominantly of propane and butane, was used for the experiment. The flame
jet was directed along the longitudinal axis of the shield. The plate was 2 mm thick
316L stainless steel. The Sonel KT-145 infrared thermometer was used to measure the
temperature up to a maximum of 350 ◦C. The speed of the gas jet and the natural convective
air currents were measured with the Testo 410i turbine anemometer. For the two tests, the
same gas valve opening was used. The gas velocity was 3.4 m/s measured at a distance of
4 cm from the burner nozzle.

A first test was performed by exposing the concave face of a shield to an open flame
20 cm from the burner nozzle (Figure 3). The flame was maintained until a temperature of
350 ◦C was reached on the convex face. After reaching this temperature, the burner was
stopped and measurement of the shield temperature was continued while cooling in the
ambient air. An anemometer monitored the speed of the ascending hot air current.
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Figure 3. The single shield experiment. (a) the representation of the heat shield temperature mea-
surement system. At the top of the figure is the Sonel KT-145 temperature measuring device. At the
bottom the heat shield and the open flame lamp. (b) the material from which the shield is made has a
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The thermal imaging infrared camera was a Sonel KT 145, which had a measurement
range from −20 to 350 ◦C and had an emissivity index that could be adjusted between 0.01
and 1.00. For stainless steel, we chose an emissivity of 0.15. The anemometer used was
TESTO 410 I, which had a reference of 12.0 m/s at 24.8 ◦C and a tolerance of +/−0.4 m/s
and +/−0.5 ◦C.

The thermal imaging chamber shows how the highest temperature on the convex side
of the shield changed over time. In Figure 4, a temperature of 350 ◦C was observed within
14 s of exposure to an open flame.
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The speed of the natural convective air was measured after the flame was closed so
that the plastic turbine of the anemometer would not be exposed to high temperatures.
Thus, the following values were determined, measured at 12 cm from the edge of the shield
at the vertex, at the point of maximum temperature:

• In the temperature range of 250–160 ◦C, the speed is about 0.6 m/s;
• In the temperature range of 160–135 ◦C, the speed is about 0.5 m/s;
• In the temperature range of 130–70 ◦C, the speed is about 0.4 m/s.

In this experiment, the temperature was transmitted by convection and radiation from
high-temperature flue gases to the concave surface, by conduction in the shield from the
concave to the convex face, and by convection to the air and radiation on the convex face.
Due to the low temperature on the convex face (maximum 350 ◦C) and the short duration
of the experiment, heat transfer by radiation was neglected.

In this study, the plate was heated for a very short time (20–24 s) when the temperature
measured on the opposite side of the shield reached 350 ◦C, and the flame was turned
off. The main heat transfer was by conduction. Only when the temperature exceeded 350
◦C did radiation become significant. We also neglected radiation and assumed that the
temperature was lost mainly by convection.

In the second experiment, two shields mounted 4 cm apart were used. The concave
face of the first shield was exposed to open flames under the same conditions as in the first
experiment, and the temperature was measured on the convex face of the second shield.

The transfer between the two shields was made by radiation and convection with a
secondary input. The flame was maintained until a constant temperature was reached over
time on the convex face of the second shield, i.e., for 660 s when the temperature stabilized
at 132.5 ◦C.

Figure 5 shows the time variation of the maximum temperature on the convex face of
the second shield.
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The speed of the convective air was measured after the flame was closed, as in the first
case. Thus, the following values were determined, as measured 12 cm from the edge of the
shield at the vertical of the maximum temperature point:

• From 132.5 to 100 ◦C, the speed was about 1.1 m/s near the first shield exposed to the
flame and 0.6 m/s for the second;

• From 100 to 80 ◦C, the speed was about 1 m/s near the first shield and 0.5 m/s for
the second.
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5. Analytical Model for the Non-Stationary Case of Heat Transfer by Radiation,
Convection, and Conduction

To make a model of the experiments, the following known relationships about heat
transfer were used:

∂T
∂t

=
λ

ρ · cp

(
∂2T
∂x2 +

∂2T
∂y2 +

∂2T
∂z2

)
and (13)

q = α(Twall − Tair) (14)

for non-stationary heat transfers by conduction (for isotropic material through a shield),
and heat transfer by radiation, respectively.

To simplify the model, the following hypotheses were made: the heat transfer is
considered to be one-dimensional, and the shield plates are considered to be flat in a
vertical position. The action of the flame on the shield was considered to be the action of a
constant heat flow distributed uniformly over the entire face of the plate. Heat transfer by
conduction was considered to be only in the normal direction on the shield, along the oX
axis. Figure 5 shows the one-dimensional model for the first experiment, which was useful
for estimating the heat flux coming from the action of the flame.

The differential equations were solved using the finite difference method (Figure 6).
The wall thickness was divided into n equal intervals, n + 1 points, the distance between
two points being denoted by hx. Two fictitious points were also used: F1 and F2 located the
same distance (hx) from the walls.
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Equation (13) is discretized with finite differences for any node i using differences
centered along the x-axis and forward. The index “i” corresponds to the oX axis and “k”
to time:

Ti,k+1 − Ti,k

ht
= a

Ti+1,k − 2Ti,k + Ti−1,k

hx2 . (15)

A default scheme results for an inner node in the wall, i = 2 . . . n:

Ti,k+1 = Fo · Ti+1,k + (1 − 2Fo)Ti,k + Fo · Ti−1,k. (16)

Using iteration Equation (16) it is possible to determine the temperatures in the inner
nodes of the thermal shield. For node 1 on the left side of the shield, Equation (16) becomes

T1,k+1 = Fo · T2,k + (1 − 2Fo)T1,k + Fo · TF1,k. (17)
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The boundary condition for node 1, written for the time moment ht·k is

− λ
∂T1

∂x
= qext(time)− α(T1 − Tamb)− εσ0

(
T4

1 − T4
amb

)
. (18)

The unknown TF1,k is determined from Equation (18) and replaced in Equation (17),
thus resulting in the wall temperature, T1,k+1 at time ht · (k + 1). For the node n + 1 on the
right side of the heat shield, the relationship between heat transfer by conduction and finite
differences is:

Tn+1,k+1 = Fo · Tn,k + (1 − 2Fo)Tn+1,k + Fo · TF2,k. (19)

For the node n + 1, the boundary condition at time ht · k is

− λ
∂Tn+1

∂x
= α(Tn+1 − Tamb) + εσ0

(
T4

n+1 − T4
amb

)
,

which, when written with finite differences, becomes

− λ
Tn,k − TF2,k

2hx
= α(Tn+1,k − Tamb) + εσ0

(
T4

n+1,k − T4
amb

)
. (20)

The unknown TF2,k s was determined from Equation (19) and replaced in Equation
(20), resulting in the temperature on the right side of the shield Tn+1,k+1 at time ht · (k + 1).
This way temperatures can be determined over time ht · (k + 1) in all outer and inner
nodes of the shield if the temperatures are known at time ht · k. The calculation started
from the initial moment k = 0 when the temperature in all nodes was equal to that of the
environment.

The convection heat transfer coefficient was calculated on the basis of the Nusselt,
Grashof and Prandtl criteria for natural convection heat transfer in the case of vertically
placed plates. Table 1 shows the calculation relationships.

Table 1. The calculation relationships.

The Nusselt Criterion (Nu) Conditions

1 Nu = 1, 18 · (Gr · Pr)0.125 10−3 ≤ Gr.Pr < 500

2 Nu = 0.54 · (Gr · Pr)0.25 500 ≤ Gr.Pr < 2 · 108

3 Nu = 0.59 · (Gr · Pr)0.25 2 · 108 ≤ Gr.Pr < 109

For the Nusselt criterion (Nu = α·L
λair

), the characteristic length L was considered to be
0.3 m, as the height of the plate. The Grashof criterion was defined as

Gr = g·L3·βair ·(Twall−Tamb)

ν2
air

, where βair is the coefficient of volumetric thermal expansion

of the air; νair is the kinematic viscosity of the air; g is the gravitational acceleration which
depends on the temperature difference between the wall and the ambient temperature; and
the Prandtl criterion Pr = ν

a =
µ·cp

λ .
The heat flow received from the outside varied according to the law

qext(time) =
{

122, 000 i f time ≤ 24
0 i f time > 24

.

The intensity was chosen so that the temperature variation determined from the calcu-
lus corresponded to the experimental determinations in the time interval (0, 24) seconds.
Figure 7 shows the numerically and experimentally determined variations on the right side
of the shield. The correctness of considering the release of heat accumulated by the shield
by convection and radiation was noted.



Machines 2022, 10, 942 11 of 23

Machines 2022, 10, x FOR PEER REVIEW 12 of 26 
 

 

The intensity was chosen so that the temperature variation determined from the cal-
culus corresponded to the experimental determinations in the time interval (0, 24) sec-
onds. Figure 7 shows the numerically and experimentally determined variations on the 
right side of the shield. The correctness of considering the release of heat accumulated by 
the shield by convection and radiation was noted. 

 
Figure 7. Numerical and experimental temperature variations over time on the right side of the heat 
shield. 

Figure 8 shows the percentage time error between experimental and numerical data. 

 
Figure 8. The percentage error in time between the experimental and numerical data. 

For the second experiment, the model is shown in Figure 9. Heat flow was applied to 
the left sinus face of shield 1 where the temperature is denoted by T1. The right surface of 
shield 1 exchanged heat by radiation with the left sinus face of shield 2. 

Figure 7. Numerical and experimental temperature variations over time on the right side of the
heat shield.

Figure 8 shows the percentage time error between experimental and numerical data.

Machines 2022, 10, x FOR PEER REVIEW 12 of 26 
 

 

The intensity was chosen so that the temperature variation determined from the cal-
culus corresponded to the experimental determinations in the time interval (0, 24) sec-
onds. Figure 7 shows the numerically and experimentally determined variations on the 
right side of the shield. The correctness of considering the release of heat accumulated by 
the shield by convection and radiation was noted. 

 
Figure 7. Numerical and experimental temperature variations over time on the right side of the heat 
shield. 

Figure 8 shows the percentage time error between experimental and numerical data. 

 
Figure 8. The percentage error in time between the experimental and numerical data. 

For the second experiment, the model is shown in Figure 9. Heat flow was applied to 
the left sinus face of shield 1 where the temperature is denoted by T1. The right surface of 
shield 1 exchanged heat by radiation with the left sinus face of shield 2. 

Figure 8. The percentage error in time between the experimental and numerical data.

For the second experiment, the model is shown in Figure 9. Heat flow was applied to
the left sinus face of shield 1 where the temperature is denoted by T1. The right surface of
shield 1 exchanged heat by radiation with the left sinus face of shield 2.
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The boundary condition on the left side of shield 1 was similar to Equation (18), the
only change being the notation (T is replaced by T1) and the law of variation of heat flux
over time:

qext(time) =
{

122, 000 i f time ≤ 660
0 i f time > 660

.

The boundary condition on the right side of shield 2 is similar to Equation (20), except
the notation, T, was replaced by T2 and TF2,k by TF4,k.

On the right side of shield 1, the boundary condition was written:

− λ
T1n,k − TF2,k

2hx
= α(T1n+1,k − Tamb) +

εσ0

2 + ε

(
T14

n+1,k − T24
1,k

)
and on the left side of shield 2,

− λ
T22,k − TF3,k

2hx
= −α(T21,k − Tamb) +

εσ0

2 + ε

(
T14

n+1,k − T24
1,k

)
.

These relationships permit the elimination of the unknowns TF1,k, TF2,k, TF3,k and TF4,k;
thus, it was possible to determine all nodal temperatures at time ht·(k + 1). Figure 10 shows
the numerically and experimentally determined temperature variations on the right side of
shield 2.
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Figure 10. Temperature variations on the right side of shield 2, determined numerically and
experimentally.

There was concordance between the temperature variation determined experimentally
and that calculated numerically in the range of (0, 660). The numerical calculation showed
that after the heat flow became zero, the shield cooled faster than in the experimental case.
This was due to an overestimation of the coefficient α for high temperatures. The first shield
reached a temperature exceeding 1000 ◦C (Figure 11), as the temperature in the second
shield depended on that of the first shield.
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Another factor influencing the result is the variation of the physical properties of
stainless steel and air with temperature. In the calculations performed, the properties were
considered constant.

6. Transfer Modeling with the Finite Volume Method

The geometry of the two shields was implemented in SOLIDWORKS using a number
of parameters that allowed changing the dimensions of the two shields and the relative
position between them.

To model the heat transfer with the finite volume (VF) method, the geometric model
shown in Figure 12 was used. In this model, circular surfaces were used to impose the
heat flow that came from the action of the flame. The yOz plane has geometric and
thermal symmetry.
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FLOWORKS, the simulation module of the SOLIDWORKS software, was used to
solve the model. The simulation was performed in a non-stationary regime, and for this
study, the radiation options were activated. In the model, the air was implemented as
an unstructured field, and the model contained two shields. The FLOWORKS module
allowed the use of heat transfer through conduction, convection, and radiation. In the case
of air, the density depended on the temperature, which led to the appearance of ascending
currents due to the Archimedean forces. Gravitational acceleration was oriented in the
positive direction of the oY axis. The initial conditions were as follows: the temperature
was the same at all points of the shield, and the surrounding air was 293 K; the velocity
of the surrounding air was 0 m/s, and the pressure was 1 atm. The fluid domain was a
cube centered at the origin of the coordinate system with a side of 2 m. The faces of the
cube were surfaces that could be crossed by air, from outside to inside and vice versa. The
atmospheric pressure was 101,325 Pa and the temperature is 20 ◦C.

Figure 13 shows the mesh for the solid part. The total number of cells was 894,442 of
which 91,830 were solid and 92,286 were mixed cells.

Figures 14–25 show the temperatures of the two shields, a situation seen from the shield
where the temperature was measured. The three elements of the robotic arm are clamped
by means of the clamping lugs located on the rectangular pipe and on the clamping element
located at the ends of the rotary motor assembly with linear motor (endless screw type).



Machines 2022, 10, 942 14 of 23

Machines 2022, 10, x FOR PEER REVIEW 15 of 26 
 

 

FLOWORKS, the simulation module of the SOLIDWORKS software, was used to 
solve the model. The simulation was performed in a non-stationary regime, and for this 
study, the radiation options were activated. In the model, the air was implemented as an 
unstructured field, and the model contained two shields. The FLOWORKS module al-
lowed the use of heat transfer through conduction, convection, and radiation. In the case 
of air, the density depended on the temperature, which led to the appearance of ascending 
currents due to the Archimedean forces. Gravitational acceleration was oriented in the 
positive direction of the oY axis. The initial conditions were as follows: the temperature 
was the same at all points of the shield, and the surrounding air was 293 K; the velocity of 
the surrounding air was 0 m/s, and the pressure was 1 atm. The fluid domain was a cube 
centered at the origin of the coordinate system with a side of 2 m. The faces of the cube 
were surfaces that could be crossed by air, from outside to inside and vice versa. The at-
mospheric pressure was 101,325 Pa and the temperature is 20 °C. 

Figure 13 shows the mesh for the solid part. The total number of cells was 894,442 of 
which 91,830 were solid and 92,286 were mixed cells. 

 
Figure 13. Volume elements at the shield surface on the symmetry domain. 

Figures 14–25 show the temperatures of the two shields, a situation seen from the 
shield where the temperature was measured. The three elements of the robotic arm are 
clamped by means of the clamping lugs located on the rectangular pipe and on the clamp-
ing element located at the ends of the rotary motor assembly with linear motor (endless 
screw type). 

Figure 13. Volume elements at the shield surface on the symmetry domain.

Machines 2022, 10, x FOR PEER REVIEW 16 of 26 
 

 

 
Figure 14. Temperature at 100 s. 

 
Figure 15. Temperature at 200 s. 

 
Figure 16. Temperature at 300 s. 

Figure 14. Temperature at 100 s.

Machines 2022, 10, x FOR PEER REVIEW 16 of 26 
 

 

 
Figure 14. Temperature at 100 s. 

 
Figure 15. Temperature at 200 s. 

 
Figure 16. Temperature at 300 s. 

Figure 15. Temperature at 200 s.



Machines 2022, 10, 942 15 of 23

Machines 2022, 10, x FOR PEER REVIEW 16 of 26 
 

 

 
Figure 14. Temperature at 100 s. 

 
Figure 15. Temperature at 200 s. 

 
Figure 16. Temperature at 300 s. Figure 16. Temperature at 300 s.

Machines 2022, 10, x FOR PEER REVIEW 17 of 26 
 

 

 
Figure 17. Temperature at 400 s. 

 
Figure 18. Temperature at 500 s. 

 
Figure 19. Temperature at 600 s. 

Figure 17. Temperature at 400 s.

Machines 2022, 10, x FOR PEER REVIEW 17 of 26 
 

 

 
Figure 17. Temperature at 400 s. 

 
Figure 18. Temperature at 500 s. 

 
Figure 19. Temperature at 600 s. 

Figure 18. Temperature at 500 s.



Machines 2022, 10, 942 16 of 23

Machines 2022, 10, x FOR PEER REVIEW 17 of 26 
 

 

 
Figure 17. Temperature at 400 s. 

 
Figure 18. Temperature at 500 s. 

 
Figure 19. Temperature at 600 s. Figure 19. Temperature at 600 s.

Machines 2022, 10, x FOR PEER REVIEW 18 of 26 
 

 

 

Figure 20. Temperature at 700 s. 

 
Figure 21. Temperature at 800 s. 

 
Figure 22. Temperature at 900 s. 

Figure 20. Temperature at 700 s.

Machines 2022, 10, x FOR PEER REVIEW 18 of 26 
 

 

 

Figure 20. Temperature at 700 s. 

 
Figure 21. Temperature at 800 s. 

 
Figure 22. Temperature at 900 s. 

Figure 21. Temperature at 800 s.



Machines 2022, 10, 942 17 of 23

Machines 2022, 10, x FOR PEER REVIEW 18 of 26 
 

 

 

Figure 20. Temperature at 700 s. 

 
Figure 21. Temperature at 800 s. 

 
Figure 22. Temperature at 900 s. Figure 22. Temperature at 900 s.

Machines 2022, 10, x FOR PEER REVIEW 19 of 26 
 

 

 
Figure 23. Temperature at 1000 s. 

 
Figure 24. Temperature at 1100 s. 

 
Figure 25. Temperature at 1200 s. 

Figure 23. Temperature at 1000 s.

Machines 2022, 10, x FOR PEER REVIEW 19 of 26 
 

 

 
Figure 23. Temperature at 1000 s. 

 
Figure 24. Temperature at 1100 s. 

 
Figure 25. Temperature at 1200 s. 

Figure 24. Temperature at 1100 s.



Machines 2022, 10, 942 18 of 23

Machines 2022, 10, x FOR PEER REVIEW 19 of 26 
 

 

 
Figure 23. Temperature at 1000 s. 

 
Figure 24. Temperature at 1100 s. 

 
Figure 25. Temperature at 1200 s. Figure 25. Temperature at 1200 s.

The simulation showed the heat transfer by radiation from the first shield to the
second. Transfer by conduction in the two shields was also observed, and the area with
a high temperature in each shield increased with time. For the air flow velocities at free
convection, there was a concordance between the calculated speeds and those determined
experimentally. Figure 26 shows the velocity distribution on the symmetry plane.
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Figures 27 and 28 show the air temperatures and their density on the symmetry plane.
There was a temperature of about 293 K between the two boards, which justified choosing
it for the ambient temperature in the model with finite differences.
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The variation in temperature over time is shown in Figure 29. It is noted in the
numerical solution that the temperature reached equilibrium at the end of the period when
the heat flux acted on the first shield and cooling occurred faster than in reality.

Machines 2022, 10, x FOR PEER REVIEW 22 of 26 
 

 

The variation in temperature over time is shown in Figure 29. It is noted in the nu-
merical solution that the temperature reached equilibrium at the end of the period when 
the heat flux acted on the first shield and cooling occurred faster than in reality. 

 
Figure 29. Maximum temperature variation on the second shield. 

7. Conclusions 
The benefit of using Computational Fluid Dynamics (CFD) is that compared with the 

finite difference model (one-dimensional, considering heat transfer only through the 
thickness of the plate) this one (with finite elements) was three-dimensional and high-
lighted heat transfer by conduction in the heat shields. Furthermore, the finite element 
model emphasized heat transfer by conduction in both transverse and longitudinal direc-
tions. 

Although there were uncertainties [41] in current theoretical and computational 
models regarding the prediction of the evolution of thermal shields for mobile robots, the 
simulation responded quite well to real conditions: 
• Estimating the evolution of temperature using analytical and numerical methods was 

satisfying, the most complex problems being related to convective heat transfer and 
determining the convection heat transfer coefficient; 

• Following the simulation, it was possible to identify parameters that needed to be 
measured to allow the correlation of calculations from the numerical analysis with 
the Finite Difference Method (FDM); 

• The evolution of the heating phenomenon over time showed us that, due to the spe-
cial properties of stainless steel, temperature gradients increased moderately; 

• The introduction of the second wall to the protection shield demonstrated a decrease 
in temperature on the second shield, but under low ambient temperature; 

• Because the open flame was a hot air jet, the problem of a reverse analysis for mod-
eling the gas fluid jet appeared, but this may be the subject of another research. 
Uncertainty analysis refers to measurements, and we found that when using the 

measuring device, the reflection from the shield mirror introduced measurement errors, 
which we eliminated by changing the intensity of the light in the laboratory. In addition, 
the appearance of new images on the shield mirror (even the reflection of a person) led to 
an increase in the temperature read on the device. We repeated the measurements until 
we obtained two identical measurements. 

The novelty of the multilayer shield concept with layers spaced 32 mm apart is that 
it allowed for a cooling gradient characterized by a decrease in temperature on the first 
shield from 346 to 320 K over a 1000 s exposure. 

Our study made several relevant contributions to the way we chose the shield mate-
rial; used analytical–numerical calculations to identify the distance between the two layers 
of the shield; designed the concavity of the shield so that the air currents would form as a 

Figure 29. Maximum temperature variation on the second shield.

7. Conclusions

The benefit of using Computational Fluid Dynamics (CFD) is that compared with
the finite difference model (one-dimensional, considering heat transfer only through the
thickness of the plate) this one (with finite elements) was three-dimensional and highlighted
heat transfer by conduction in the heat shields. Furthermore, the finite element model
emphasized heat transfer by conduction in both transverse and longitudinal directions.

Although there were uncertainties [41] in current theoretical and computational mod-
els regarding the prediction of the evolution of thermal shields for mobile robots, the
simulation responded quite well to real conditions:

• Estimating the evolution of temperature using analytical and numerical methods was
satisfying, the most complex problems being related to convective heat transfer and
determining the convection heat transfer coefficient;

• Following the simulation, it was possible to identify parameters that needed to be
measured to allow the correlation of calculations from the numerical analysis with the
Finite Difference Method (FDM);

• The evolution of the heating phenomenon over time showed us that, due to the special
properties of stainless steel, temperature gradients increased moderately;

• The introduction of the second wall to the protection shield demonstrated a decrease
in temperature on the second shield, but under low ambient temperature;

• Because the open flame was a hot air jet, the problem of a reverse analysis for modeling
the gas fluid jet appeared, but this may be the subject of another research.

Uncertainty analysis refers to measurements, and we found that when using the
measuring device, the reflection from the shield mirror introduced measurement errors,
which we eliminated by changing the intensity of the light in the laboratory. In addition,
the appearance of new images on the shield mirror (even the reflection of a person) led to
an increase in the temperature read on the device. We repeated the measurements until we
obtained two identical measurements.

The novelty of the multilayer shield concept with layers spaced 32 mm apart is that
it allowed for a cooling gradient characterized by a decrease in temperature on the first
shield from 346 to 320 K over a 1000 s exposure.

Our study made several relevant contributions to the way we chose the shield material;
used analytical–numerical calculations to identify the distance between the two layers of
the shield; designed the concavity of the shield so that the air currents would form as a
result of temperature differences, thereby allowing us to obtain the results; and realized the
analytical–numerical model, which allowed us to optimize the solution.
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One of the important contributions was the development of a finite difference model
for the one-dimensional case, which took into account heat transfer through conduction,
convection, and radiation. The advantage of using this model is the reduced resolution
time compared with the finite element model. On the other hand, it provided detailed
results for the space case, allowing both temperature and velocity determination in the
convective air stream.

8. Further Directions of Development

In future research, we intend to design and build a shield that can change its vertical
position so that it no longer needs to be detached from the chassis. Another area is the
study of other forms of shields and with several layers. The introduction of a smaller,
water system to the second shield, the one facing the robot, is another area of research and
development that we want to explore. Water or gas can be taken from the fire extinguishing
system. In addition, we will add other sensors for measuring or filming the temperature,
so that we have better control over the thermodynamic state of the robot.

The use of Sonel KT-145 infrared thermometer temperature sensors was not very
suitable due to the maximum temperature that the device can measure. We propose the
use of thermocouples, which will be used when operating the robot. These would allow
permanent temperature monitoring and the decision to remove the robot from the source
of thermal radiation if the temperature exceeds a critical threshold.

Another direction of development is to create a heterogeneous system of collaborative
robots to intervene in firefighting. The heterogeneous character will be a product both
of a multitude of integrated subsystems and the fact that each robot will have a different
mission to fulfill.
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Abbreviations Explanation
σ = 5.67 · 10−8

[
W

m2K4

]
Stefan–Boltzmann’s constant

ε1,2

[
W
m2

]
Emissivity

A1,2
[
m2] Surface

λ
[

W
mK

]
Thermal conductivity coefficient

F[−] Shape factor
Eb Blackbody emissive power

cS

[
J

kgK

]
Specific heat of stainless steel

ρS

[
kg
m3

]
Density of stainless steel

t[s] Time
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Tf [
◦C] Temperature of the fire, at a certain moment

TS[
◦C] Temperature in stainless steel considered uniform at the same time

Hp[m] Perimeter
Ag
[
m2] The gross cross-sectional area

Hp
Ag

[
m−1] Factor of the section, namely the ratio between the heated perimeter

αc,r

[
W

m2K

]
The heat transfer coefficient by convection and radiation

Fo = a ht
hx2 Fourier number

a = λ
cpρ The thermal diffusivity coefficient

qext(time) The heat flux received by the wall
α(T1 − Tamb) The convective heat flux from the wall to the external environment
εσ0
(
T4

1 − T4
amb
)

The radiative heat flux
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