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Abstract: In this article, we propose the endothermic screen model. The aim is to reduce the problems
of the high temperature and low utilization of waste heat in industrial plants with high radiant heat. In
this paper, the Rhino software is used to establish the model and import it into the FLUENT software,
divide the mesh, set the boundary conditions and analyze the transient temperature field. Finally, the
temperature change law in the plant and the waste heat recovery efficiency of the endothermic screen
are obtained. The flow of cooling water in the endothermic screen is used to transform and transfer
the high-radiation heat inside the plant to the outside. The simulation results show that after adding
the endothermic screen, the average indoor temperature drops from 313.33 K to 305.66 K, which has
a cooling effect. The waste heat recovery efficiency reaches up to 56%, and the waste heat recovery
effect is obvious. The research results can provide a reference for the application of an endothermic
screen in actual high radiant heat plants and provide a more comfortable working environment for
the plant workers.

Keywords: waste heat recovery; endothermic screen; high radiant heat plants

1. Introduction

Industrial waste heat is energy that is generated in industrial processes that is not
put to any practical use and is wasted or dumped into the environment. Sources of waste
heat mostly include heat loss transferred through conduction, convection and radiation
from industrial products, equipment and processes and heat discharged from combustion
processes [1]. Thermal energy storage and recovery from industrial waste heat sources are of
high importance for promoting world energy saving [2–4]. Increased global warming is one
of the reasons for the frequent occurrence of extreme weather. China is the world’s largest
carbon emitter and one of the countries most affected by extreme climate. In September
2020, the China government proposed at the 75th United Nations General Assembly that its
carbon dioxide emissions will reach a peak by 2030, and carbon neutrality will be achieved
by 2060. Considering the balance between economic growth and carbon emission reduction,
China’s above-mentioned goals are 10 years behind those of the EU and the United States.
In industrial plants, due to metallurgy, forging and other production processes, there are
some production equipment that continuously emit high radiant heat. The maximum
surface temperature of these high radiant heat equipment can reach 1000 ◦C, the intensity
of heat radiation can generally reach 10,000 W/m2 and the average temperature of the
production environment can reach up to 100 ◦C [5]. Hendricks and Choate [6] reported
that 33% of manufacturing industrial energy was discharged directly to the atmosphere
or cooling systems as waste heat due to the fact that most industries were incapable of
recycling excessive waste heat. Moreover, the global energy demand will increase by almost
35% by 2030 compared with the 2005 level or by up to 95% without the use of energy-
efficient technologies [7]. The lack of waste heat recovery systems in production plants
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leads to low effective energy utilization. How to recover various waste heat resources has
become the focus of researchers’ attention.

Production plant workers in a high-temperature and high-heat environment for a
long time will lead to a large loss of environmental water in the human body and sig-
nificant changes in physiological and psychological conditions [8]. As body temperature
continues to rise, workers’ productivity decreases [9]. Exposure to extreme heat causes
various heat-related diseases, such as heat stroke, dehydration and electrolyte imbal-
ance [10,11]. Moreover, safety performance and productivity typically decline in extremely
hot environments [12]. Long-term operation of production equipment in high-temperature
environments may exceed the temperature tolerance threshold, resulting in irreversible
damage to the equipment, resulting in the leakage of harmful substances or casualties in the
workshop [13]. Therefore, it is necessary to study how to reduce the ambient temperature
of production plants.

The current research on reducing indoor temperature is mainly through roof sprinklers,
natural ventilation, mechanical cooling and isolation of heat sources. With the maturity
of computational fluid dynamics analysis tools and techniques, computer simulation
techniques are more intuitive and economical than experimental testing methods for the
study of room temperature reduction. Therefore, simulation techniques are increasingly
adopted by researchers. Zhu et al. [14] used COMSOL software to simulate the heat transfer
between sprayed and unsprayed rainwater on the roofs of industrial plants and found
that rainwater can significantly reduce roof temperature. Ajaya et al. [15] used MATLAB
software to analyze the effect of artificial precipitation on the cooling of buildings. In
addition, the cooling effect under different spray water volumes and spray speeds was
compared, and the optimal water spray conditions were finally obtained. Yang et al. [16]
demonstrated that changes in roof morphology and ventilation have a large impact on
the thermal comfort of natural ventilation through CFD numerical simulation technology.
Zhao et al. [17] used CFD simulation software to study the cooling effect of using air
conditioners on the working face in mines and proposed the optimal location of the air
outlet of air conditioners and the optimal air supply temperature. Wang et al. [18] used
ANSYS software to establish a transient thermal analysis model and optimized them with a
variety of thermal insulation structures and materials to achieve the best thermal insulation
effect. The use of roof spraying and natural ventilation can only partially improve the
ambient temperature of the plant, and the cooling effect is poor. The use of mechanical
cooling in the plant is effective but costly. The use of insulation can reduce the indoor
temperature, but the waste heat cannot be utilized. The use of mechanical cooling in the
plant is effective but costly [19]. The use of insulation can reduce the indoor temperature,
but the waste heat cannot be utilized [20].

There are few previous studies on waste heat recovery and room temperature reduc-
tion at the same time, so this paper constructs an endothermic screen that can absorb the
radiant heat emitted from a high-radiation heat source. The high radiant heat is transferred
to the heat transfer fluid water and the radiant heat in the room is discharged from the
outside through the heat exchange fluid. The water that absorbs heat can be used for
domestic hot water for plant employees. This method not only absorbs the radiant heat
emitted by the high radiant heat source, but also reduces the temperature of the plant. The
constructed model of the heat-absorbing screen can provide a reference for cooling the
actual industrial plant. Therefore, it is an ideal choice for enterprises that need to save costs
to reduce the temperature of the plant and can carry out waste heat recovery.

2. Numerical Experiment
2.1. Physical Model

The endothermic screen model established in this paper is shown in Figure 1. Its
structure is mainly composed of a water inlet, serpentine pipe, heat collector plate con-
taining endothermic coating, insulation layer, water outlet and spoiler generator. The
equal-area heat-collecting ribs can effectively increase the endothermic area [21], and their



Energies 2023, 16, 4196 3 of 16

surface contains a coating [22], which can improve the heat-collecting performance of the
endothermic plate. The heat transfer fluid flows from the water inlet to the water outlet
and absorbs the radiant heat obtained by the endothermic plate during the flow process so
as to realize the radiant heat removal. A large number of turbulent generators are formed
through the mold in the serpentine tube, which can increase the flow around the serpentine
tube, reduce the laminar flow pattern in the tube, increase the heat transfer coefficient
and improve the heat transfer efficiency in the serpentine tube. The endothermic plate
and serpentine tube are filled with an insulation layer around [23] to prevent radiant heat
from being dissipated into the room. The endothermic plate is in close contact with the
serpentine tube and insulation layer. The two ends of the serpentine pipe are the inlet and
the outlet. The shell seals the endothermic plate, serpentine tube and insulation layer to
form a sealed heat endothermic screen device. The endothermic surface of the endothermic
plate is exposed to a highly radiant heat source, which is convenient for absorbing high
radiant heat. The three endothermic screens are connected sequentially through water
pipes to form an integral waste heat recovery device.
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Figure 1. Endothermic screen model.

2.2. Principle of Waste Heat Recovery Device

The high-radiation heat source in the plant emits radiation heat into the air, part of
which is transferred to the endothermic plate of the endothermic screen. Collector ribs and
coatings on endothermic plates can effectively absorb radiant heat and convert radiant heat
into thermal energy. The heat transfer fluid enters the inside of the endothermic screen
through the water inlet and flows in the serpentine tube. The radiant heat absorbed on the
endothermic plate is transferred to the heat transfer fluid through heat conduction. The
radiant heat absorbed by the heat transfer fluid transfers heat to the outside through heat
conduction and heat convection. The endothermic plate, serpentine tube and shell are filled
with a large amount of insulation in order to reduce the radiant heat dissipated to the room
again. The heat transfer fluid flows in the serpentine tube of the endothermic screen, and
the temperature rises after endothermic to generate a large amount of heat energy, thereby
realizing the absorption and transfer of high radiant heat sources to the outdoors.
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2.3. Endothermic Screen Arrangement

Because the heat of the plant is mainly generated by the high-temperature production
equipment of the plant, the heat dissipation of other equipment and the human body is
negligible. In the actual plant, the high-temperature heat source continuously releases
radiant heat. The heating density of indoor air decreases and eventually rises to a high
place indoors. In this paper, the high-temperature heat source is replaced by a stainless
steel cylinder. The endothermic screen is placed directly above the heat source, and the
two endothermic screens on the left and right and the middle endothermic screen form
an angle of 120◦. The heat exchange fluid flows in from the right endothermic screen and
flows out to the outside through three endothermic screens in turn. The trapezoidal gap in
the front and rear of the center endothermic screen is blocked with an insulation layer to
prevent excessive heat loss into the room. This endothermic screen arrangement is an ideal
arrangement plan.

2.4. Simulation Model

The specific parameters of the high-radiation heat plant model established in this
paper are shown in Table 1. The high-temperature heat source in the high-radiation plant
is simplified as a cylinder, and three endothermic screens are located directly above the
high-temperature heat source. The model picture of the plant without an endothermic
screen is shown in Figure 2a. The model picture of the plant with an endothermic screen is
shown in Figure 2b.

Table 1. Model parameters.

Title Parameters Title Parameters

length, width and height of the room (mm) 6000, 3500, 3800 Thickness of shell, endothermic
board and insulation layer (mm) 1.5, 1, 40

length, width and thickness of the door (mm) 2000, 800, 50 diameter of Serpentine tube (mm) 25
length, width and thickness of the window (mm) 900, 900, 5 distance of Serpentine tube (mm) 20
length, width and thickness of the endothermic

screens (mm) 1600, 700, 92.5
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2.5. Mesh Division

In this paper, the unstructured mesh is used. The mesh of the plant model without
an endothermic screen is shown in Figure 3. Figure 3 contains three XYZ cross-sectional
maps, with a total of 78,531 meshes. The mesh of the plant model with an endothermic
screen is shown in Figure 4. Figure 4 contains three XYZ cross-sectional maps, with a total
of 6,546,976 meshes.
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Figure 3. (a) Mesh map of plant without endothermic screen; (b) X cross-sectional map; (c) Y
cross-sectional map; (d) Z cross-sectional map.

2.6. Simulation Setup

The numerical simulation in this paper is based on the finite-element volume method
and adopts the SIMPLE algorithm. In this paper, the SST k-omega model is used, and
the S2S model is selected for the radiation model. The materials selected in this paper
are as follows. The heat transfer fluid is water. The material of the plant door is wood.
The material of the plant window is glass. The material of the heat source is stainless
steel. The material of the serpentine tube is copper. The material of the heat collector plate
is aluminum alloy. The material of the insulation layer is phenolic foam. The material
of the plant wall is brick. The material parameters are set as shown in Table 2. The
boundary condition parameters are set as shown in Table 3. The model in this article can be
approximated into four different domains. Between the heat source and the endothermic
screen is the air domain. The endothermic screen insulation layer is a solid domain. The
inside of the endothermic screen is a fluid domain. Between the surface of the heat shield
shell and the wall, there is an air domain. The material of the air domain is air. The material
of the fluid domain is water. In order to improve the calculation accuracy and better control
the calculation process, it is necessary to set the discrete term, relaxation factor, residual
and initialization settings. The solution control parameter settings are shown in Table 4.
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Table 2. Material parameters.

Name of
Material

Density P
(kg/m3)

Specific Heat
Capacity cp

(J/kg·K)

Thermal
Conductivity
Λ (W/m·K)

Viscosity
µ (kg/m·s)

water 998.62 4200 0.599 1.81 × 10−5

air 1.205 1004 0.0267 0.001003
wood 710 1720 0.15 /
glass 2500 837 1.09 /

stainless steel 502.48 7920 16.27 /
copper 8960 390 387 /

aluminum alloy 2700 880 155 /
phenolic foam 50 2730 0.023 /

brick wall 1850 1000 0.4 /
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Table 3. Boundary condition parameters.

Boundary Name Parameter Settings

Wall hybrid boundaries, surface emissivity: 0.9, convective heat transfer coefficient: 8 W/(m2 K)

Window hybrid boundaries, surface emissivity: 0.93, convective heat transfer coefficient: 4 W/(m2 K)

Door hybrid boundaries, surface emissivity: 0.85, convective heat transfer coefficient: 1.75 W/(m2·K)

Endothermic plate fluid–structure interaction boundary, opaque media, absorptivity: 0.96

Serpentine tube fluid–structure interaction boundary, opaque media

Shell hybrid boundaries, surface emissivity: 0.55, convective heat transfer coefficient: 0.45 W/(m2·K)

Endothermic screen fluid inlet speed inlet, inlet temperature: 18 ◦C; mass flow: 0.01 kg/s, 0.015 kg/s, 0.02 kg/s, 0.025 kg/s

Endothermic screen fluid outlet pressure outlet

Table 4. Control parameters.

Type Options Parameters

Discrete items

Discrete Ordinates First Order Upwind
Energy First Order Upwind

Momentum Second Order Upwind
Press Body Force Weighted

Gradient Least Squares Cell Based

Relaxation factors

Press 0.3
Density 1

Body Forces 1
Momentum 0.7

Turbulent Kinetic Energy 0.8
Discrete 1

Residuals

Continuity 0.001
X Velocity 0.001
Y Velocity 0.001
Z Velocity 0.001

Energy 1 × 10−6

Initialization

K 0.001
Epsilon 0.001

Initialization Methods Standard Initialization
Temperature© 18

To facilitate the study, some assumptions need to be made:

(1) Ignore the viscous dissipation in the energy equation;
(2) The surface emissivity and absorption rate of each material do not change with tem-

perature;
(3) The physical parameters of the endothermic screen do not change with temperature;
(4) The physical parameters of air and water only change with density with temperature,

and other parameters are considered unchanged.

The heat source power is 20 KW, and the volume is 0.35343 m3, so the heat source
volume power is 56,588 W/m3. The monitoring items include heat source temperature,
indoor average temperature, heat-absorbing screen outlet water temperature, and three
temperature monitoring points Z1, Z2 and Z3. The location of the temperature monitoring
points is shown in Figure 5. The horizontal distance between the temperature measurement
point and the heat source is 1.6 m. The three temperature measurement points are vertically
spaced at 0.6 m.
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2.7. Analysis of Heat Dissipation

The heat dissipation of high radiant heat equipment in the plant contains radiation
heat transfer and convection heat transfer between the equipment surface and the indoor air.
The amount of heat dissipated by high radiant heat equipment can be calculated according
to the following Equation (1).

Q = Qrad + Qcon (1)

where Q is the heat dissipation of the high radiant heat source, W; Qrad is radiant heat
transfer between high radiant heat equipment and indoor air, W; Qcon is heat transfer
between the surface of a high radiant heat source and indoor air, W.

Qrad = Abεbσ(Tb
4 − Ta

4) (2)

where Ab is the high radiant heat source surface area, m2; εb is high radiant heat source
surface emissivity; σ is the Stephen–Boltzmann constant, σ = 5.67 × 10−8 W/(m2·K4); Tb is
high radiant heat source surface temperature, T; Ta is ambient air temperature, T;

Qcon = Ab∂(Tb − Ta) (3)

where ∂ is the high convective heat transfer coefficient between the radiant heat source and
surrounding air, W/(m2·K).

∂ = C∂
λa

lb
(Gr·Pr)n (4)

Gr =
g∂v(Tb − Ta)l3b

υ2 (5)

Pr =
µCp

λa
(6)

∂ = 0.10
λa

lb
[
g∂v(Tb − Ta)l3b

ν2 ·
µCp

λa
]

1
3

(7)

where the constant C∂ and the coefficient n are related to the model and location of the
heat transfer surface and other conditions; C∂ is taken as 0.10 and n is taken as 1/3 in this
study. λa is the thermal conductivity of the air in the plant, W/(m·K); lb is high-radiation
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heat source characteristic length, m; Gr is the Grashof number; Pr is Prandtl number; g
is the acceleration of gravity, g = 9.8 m/s2; ∂v is the volume expansion coefficient of air
in the plant, 1/K; v is the kinematic viscosity coefficient of air in the plant, m2/s; u is the
aerodynamic viscosity coefficient in the plate, N/(m2/s); Cp is the air constant pressure
specific heat capacity of the plant, J/(kg·K).

Bringing Equation (7) into Equation (3) and Equation (2) into Equation (1), the heat
dissipation of the high radiation heat source can be obtained as:

Q = Ab[εbσ(T4
b − T4

a ) + 0.10λ
2
3
a (

g∂vµCp

ν2 )

1
3

·(T4
b − T4

a )

4
3

] (8)

Introduction of high radiant heat source radiant heat dissipation to convective heat
exchange ratio:

I =
Qrad
Qcon

=
εbσ(T2

b + T2
a )(Tb + Ta)

∂
(9)

In view of the actual value of Tb and Ta, can be known I value is much greater than 1.
Radiant heat transfer dominates the heat dissipation of high radiant heat sources and the
convective heat transfer with air is negligible.

3. Results and Discussion
3.1. Stability Analysis of Heat Source

The heat source temperature curve graph is shown in Figure 6. The figure shows that
the simulation of the initial heat source temperature is 298 K. At the initial stage of heating,
the heat source temperature rises faster. After 20 h of heating, the temperature stabilized
and finally stabilized at 568 K. It can be seen that the stainless steel cylinder can better
simulate the high radiant heat source of the plant.
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Figure 6. Temperature profile of heat source.

3.2. Analysis of Indoor Monitoring Point

From Figure 7, it can be seen that the temperature of the three temperature mea-
surement points of the plant with an endothermic screen is significantly lower than the
temperature of the plate without an endothermic screen. In the absence of an endothermic
screen, the temperature of the three temperature measurement points Z1, Z2 and Z3 is
finally 316.2 K, 318.6 K and 320.1 K, respectively. The temperature rises higher in the
vertical direction of the plant building, because the density of the air below decreases when
it is exposed to the radiant heat emitted by the heat source, and the hot air will float to
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the upper floors of the room, resulting in stratification of the indoor temperature. After
placing the endothermic screen, the temperature of the three temperature measurement
points was finally 313.2 K, 311.8 K and 307.3 K, respectively. The radiant heat emitted from
the heat source can be absorbed by the endothermic screen, and the heat is transferred to
the heat transfer fluid through the screen and finally flows out of the room. The closer the
endothermic screen is in the vertical direction, the better the cooling effect and the greater
the temperature difference.
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3.3. Analysis of Average Indoor Temperature

It can be seen from Figure 8 that when there is no endothermic screen in the plant, the
temperature rise trend is obviously faster. After 34 h, the room temperature stabilized and
finally remained at 313.2 K. When the endothermic screen works, the indoor temperature
rise trend is obviously slow. The radiant heat emitted by the high-temperature heat source
can be absorbed by the endothermic screen and transferred to the heat exchange fluid to
flow out of the room. After 24 h, the temperature stabilized and finally remained at 305.6 K.
In summary, the endothermic screen can significantly reduce the indoor temperature, and
the cooling range is 7.67 K.
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3.4. Analysis of Endothermic Screen Outlet Water Temperature

It can be seen from Figure 9 that when the mass flow rate of water at the inlet of the
endothermic screen is 0.01, 0.015, 0.02 and 0.025 kg/s, the water temperature at the outlet
of the endothermic screen is 317.3 K, 309.5 K, 305.3 K and 302.7 K, respectively. When the
mass flow rate of water decreases, the temperature of the outlet water of the heat-absorbing
screen increases. When the outlet water temperature of the endothermic screen is 317.3 K,
it can be used for domestic hot water for plant workers. It not only saves energy, but also
recovers the indoor waste heat and reduces the indoor temperature. In addition, a better
working environment is created for factory workers and equipment.
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Figure 9. Analysis of temperature map.

As can be seen from Figure 10, the main high-temperature area of the room is near the
heat source. When the endothermic screen is arranged above the high-temperature heat
source, the temperature near the heat source is significantly reduced. There is also a certain
decrease in temperature in other areas of the room. The radiation heat can be absorbed
by the endothermic screen, the heat is transferred to the heat transfer fluid and the heat
transfer fluid finally flows to the outdoors. A large amount of radiant heat in the plant will
be continuously lost to the outside through the flow of heat transfer fluid. Obviously, the
arrangement of the endothermic screen plays a key role in the cooling of the plant.

3.5. Waste Heat Recovery Efficiency

In this paper, we use FLUENT software for simulation. The inlet conditions of the
endothermic screen were set to 0.01, 0.015, 0.02 and 0.025 kg/s, respectively, and the
inlet water temperature remained constant at 18 ◦C. The radiant heat transfer between
the surface of the high radiant heat equipment and the indoor environment is calculated
according to Equation (2):

The heat absorbed by the cooling water in the endothermic screen tube can be calcu-
lated according to Equation (10).

Qw = qwcw(T2 − T1) (10)

In the formula:Qw is the absorption of heat from cooling water in the endothermic
screen tube, W; qw is mass flow rate of cooling water in the endothermic screen tube,
kg/s;cw is specific heat capacity of cooling water, J/(kg K); T2 is temperature of cooling
water outlet, T; T1 is temperature of cooling water inlet, T.
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Figure 10. Maps: (a) Temperature map of plant without endothermic screen (X cross-section);
(b) Temperature map of plant with endothermic screen (X cross-section); (c) Temperature map of
plant without endothermic screen (Y cross-section); (d) Temperature map of plant with endothermic
screen (Y cross-section); (e) Temperature map of plant without endothermic screen (Z cross-section);
(f) Temperature map of plant with endothermic screen (Z cross-section).

The relationship between waste heat recovery rate and water mass flow is shown
in Figure 11.

When the mass flow rate of water is 0.01, 0.015, 0.02 and 0.025 kg/s, the waste heat
recovery efficiency is 50.8%, 53.8%, 54.9% and 56.0%, respectively, and the waste heat recov-
ery effect is obvious. When the mass flow rate of water increases, the endothermic screen
can absorb more radiant heat. As a result, more radiant heat in the plant is transferred to the
outside. The waste heat recovery efficiency of the heat-absorbing screen is thus increased.
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4. Conclusions

In this paper, simulation software is used to place three endothermic screens directly
above the heat source. The role of an endothermic screen in waste heat recovery and
reducing plant temperature was studied. The measurement point temperature, indoor
temperature and inlet and outlet water temperature were analyzed by FLUENT simulation,
and the following conclusions were obtained:

(1) In this paper, it is derived that radiant heat transfer dominates the heat dissipation of
a high radiant heat source, and the convective heat transfer with air is negligible.

(2) The endothermic screen can significantly reduce the indoor temperature when work-
ing, and the cooling range is 7.67 K, which has a cooling effect.

(3) The waste heat recovery efficiency of the endothermic screen is about 56%, which can
absorb most of the high radiant heat emitted by the heat source. The high-temperature
environment in the plant is optimized. The endothermic screen can be used in high
radiant heat plants such as metallurgical and thermal power plants.

The results of this research can provide a new method for indoor cooling and waste
heat recovery in high radiant heat plants. For example, it can be applied to industrial
plants such as ironmaking plants, coal-fired power plants, etc. It can achieve the purpose
of saving energy and using waste heat at the same time. Subsequently, the structure of
the endothermic screen can be optimized to improve the efficiency of waste heat recovery.
Endothermic screens can also be combined with natural ventilation. We are currently
building an experimental platform. Finally, we will compare the experimental results with
the simulation results.
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Nomenclature

Symbol Description
Q heat dissipation of High radiant heat source, W
Qrad high radiant heat source and indoor air radiation heat transfer, W

Qcon
convective heat transfer between the surface of a high radiant heat source
and indoor air, W

Ab high radiant heat source surface area, m2

εb high radiant heat source surface emissivity, dimensionless
σ Stephen–Boltzmann constant, σ = 5.67 × 10−8 W/(m2·K4)
Tb high radiant heat source surface temperature, T
Ta ambient air temperature, T

∂
high convective heat transfer coefficient between radiant heat source and
surrounding air, W/(m2·K)

C∂ constant, dimensionless
n constant, dimensionless
λa thermal conductivity of the air in the plant, W/(m·K)
lb high-radiation heat source characteristic length, m
Gr Grashof number, dimensionless
Pr Prandtl number, dimensionless
g acceleration of gravity, g = 9.8 m/s2

∂v volume expansion coefficient of air in the plant, 1/K
ν kinematic viscosity coefficient of air in the plant, m2/s
µ aerodynamic viscosity coefficient in the plate, N/(m2/s)
Cp air constant pressure specific heat capacity of the plant, J/(kg·K)

I
ratio of radiative heat dissipation to convective heat exchange for high
radiant heat sources, dimensionless

η heat recovery efficiency, dimensionless
Qw absorption of heat from cooling water in the endothermic screen tube
Lower Corner
rad radiation heat
con convection heat
a air
p plant
w water
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