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Abstract: Inappropriate distributions of temperature and humidity will cause the failure of the spring-
loaded actuators. Therefore, it is essential to understand the temperature and humidity distribution
characteristics in typical spring-loaded actuators, to guarantee the safe operation of the spring-loaded
actuators. In this work, a numerical simulation study on the temperature and humidity distribution
characteristics in a spring-loaded actuator was conducted. The influence laws of ambient temperature,
heater power, and heater size on the temperature and humidity distributions inside the spring-loaded
actuator were analyzed. The practical empirical correlations for the spring-loaded actuators were
fitted. The results show that the air temperature around and directly above the heater is the highest
and the corresponding relative humidity is the lowest. Then, the air temperature gradually decreases,
and the relative humidity increases with the lateral flow of air. When the ambient temperature
increases from 233.15 K (—40 °C) to 313.15 K (40 °C), the minimum temperature inside the actuator
is increased by 34%, the maximum humidity first increases and then decreases, and the maximum
temperature on the heater surface is increased by 30%. When the heating power increases from
10 W to 150 W at ambient temperatures of 273.15 K and 298.15 K, the minimum temperature inside
the actuator is increased by 3.40% and 3.61%, the maximum humidity is decreased by 51.97% and
58.63%, and the maximum temperature on the heater surface is increased by 30.33% and 33.25%,
respectively. The influence of heater length, width, and height on the minimum temperature and
maximum relative humidity inside the spring-loaded actuator is relatively small. Within the study
range, the increase in heater length, width, and height makes the maximum temperature on the
heater surface decrease by 9.15%, 7.59%, 4.63% at ambient temperatures of 273.15 K, and 10.74%,
9.01%, 4.73% at ambient temperature of 298.15 K, respectively. The results may provide a reference
for predicting temperature and humidity distributions inside general spring-loaded actuators and
provide a calculation basis for the design of their heaters.
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1. Introduction

The spring-loaded actuator is widely used in high-voltage circuit breakers, switches,
disconnect switches and other electrical control equipment [1]. The reliability of the spring-
loaded actuator is directly related to the safe and stable operation of the national grid in
China [2]. Ambient temperature is one of the key factors affecting the reliability of the
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spring-loaded actuator [3]. When the ambient temperature is extremely low, the output
characteristics of the spring-loaded actuator will change significantly, which will affect the
opening-closing time and speed of high-voltage circuit breakers and switches [4]. Due to
the vastness of China, the climate differences are huge. In winter, the ambient temperature
in severe cold areas of northern China can drop below —40 °C [5]. In this case, the impact
of temperature on the spring-loaded actuator is more prominent, and the heating system
and heating effect need to be designed and studied to ensure good thermal-mechanical
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properties and safe operation of the spring-loaded actuator. In recent years, with the
improvement of national requirements for safe and reliable operation of the national grid in
China [6], it is necessary to deeply study the heating system design, heating effect analysis,
and thermal-mechanical properties analysis for spring-loaded actuators. To ensure the safe
operation of high-voltage circuit breakers, high-voltage switches, etc., and ensure the stable
operation of the national grid in China.

At present, several researchers have preliminarily investigated the design of heating
systems, analysis of heating effects, and analysis of thermal-mechanical properties for the
spring-loaded actuators [7,8]. Hyo et al. [9] studied the feedback control characteristics of a
shape-memory-alloy spring-loaded actuator using a temperature follow-up test and force
feedback control test. The results showed that the feedback control characteristic could be
enhanced by combining the temperature follow-up method and the force feedback control
method. Degeratu et al. [10,11] studied the properties and behaviors of a shape memory
alloy spring-loaded actuator by thermal experiments and determined the transformation
temperatures for the spring-loaded actuator. Ma et al. [12] analyzed the characteristics of
output force and output displacement of a spring-loaded actuator made of shape memory
alloy. They obtained the relationship of output displacement with the size parameters and
temperature. Their results showed that increasing temperature can increase the output
displacement of the spring-loaded actuator. Holanda et al. [13] researched the stiffness
and damping properties of a typical spring-loaded actuator with a temperature control
system and an unbalanced excitement force. They obtained the structural response rela-
tionship between temperature, stiffness, and damping. Auricchio et al. [14] studied the
thermal-mechanical characteristics of a typical spring-loaded actuator by experimental
and numerical methods and pointed out that the experimental results agree well with the
numerical results. Cortez-Vega et al. [15,16] numerically and experimentally researched
the thermal-mechanical characteristics of a spring-loaded actuator. Based on the numerical
simulation data and experimental data, a multi-variable model was constructed to reflect
the relationship between the internal force, external force, and temperature. Park et al. [17]
studied the influence of heating temperature variation on the driving force of the spring-
loaded actuator that was cooled and heated by cold and hot water. The results showed that
the spring-loaded actuator could produce a force of 130 N with the temperature changing
from 301.15 K to 355.15 K. Xiong et al. [18] analyzed the thermal-mechanical performance
of a spring-loaded actuator made of shape memory alloy by the experimental method and
obtained the response relationships of temperature-displacement and temperature-force.
Their results showed that the spring-loaded actuator could generate the highest output
displacement of 7.7 mm and the highest recovery force of 70.2 N at 373.15 K. Jiang et al. [19]
studied the thermal-mechanical properties of the spring-loaded actuator at relatively low
temperatures. The results showed that the tensile length of the actuator’s spring increases
by 9 times at a temperature of 327 K, and at the same time, the actuator can achieve rapid
rolling. Britz et al. [20] carried out an optimal design of a spring-loaded actuator under high
ambient temperatures of up to 338.15 K. The results showed that the spring-loaded actuator
could achieve high performance of 1 mm valve travel within 100 milliseconds at 338.15 K.
Jithu et al. [21] researched the thermal-mechanical properties of a spring-loaded actuator
during hydrogen absorption by numerical method. They pointed out that heat transfer
enhancement methods can be used to improve the thermal-mechanical performance of the
spring-loaded actuator.

Humidity can also have a significant impact on the operational performance and
material characteristics of the actuator. Several scholars have studied the effect of humidity
on the operational performance and material properties of various types of actuators.
These results can provide a reference for studying the operational performance of typical
spring-loaded actuators under different ambient humidity conditions. Wang et al. [22]
fabricated a soft actuator with a two-layer structure with multiple stimulus responses,
and the results showed that the actuator exhibits different actuation performance with
changes in temperature and humidity. Xu et al. [23] and Arazoe et al. [24] explored the



Actuators 2023, 12, 234

30f21

performance changes of moisture-driven actuators when the relative humidity varied,
and the results showed that the actuators exhibited different performance for different
relative humidity variations. Ryabchun et al. [25] explored the driving modes of an actuator
material at different relative humidity and showed that the twisting, curling, and winding
of the material varied with humidity. Cabuz et al. [26] showed that humidity was the
main reason for the failure of a touch-mode electrostatic actuator. It is worth noting
that this work explores the influence laws of ambient temperature, heater power, and
heater size on the temperature and humidity distribution characteristics inside a typical
spring-loaded actuator, which is also helpful for future research in the fields of micro- and
nanofluidics [27-29], chemistry and biology [30,31], and medicine [32].

In the above-mentioned literature, several investigations have been carried out
concerning analyzing the thermal-mechanical properties of typical spring-loaded actu-
ators at various temperature conditions. However, few studies have been performed
on the influence laws of various parameters on the heating effect of the heating system
of typical spring-loaded actuators. Meanwhile, little attention has been paid to the
distribution characteristics of temperature and relative humidity in the box of typical
spring-loaded actuators.

In general, the variation in temperature and humidity will have a powerful influence
on the operational performance of spring-loaded actuators. Meanwhile, unreasonable tem-
perature and humidity distribution may lead to the failure of the operational performance
of spring-loaded actuators. Therefore, it is essential to understand the temperature and
humidity distribution characteristics in typical spring-loaded actuators and obtain the suit-
able temperature and humidity range, to guarantee the safe operation of the spring-loaded
actuators. In this work, a numerical simulation study on the temperature and humidity
distribution characteristics in a typical spring-loaded actuator was conducted. Then, the
influence laws of ambient temperature, heater power, and heater size on the temperature
and humidity distributions inside the spring-loaded actuator were analyzed. Finally, the
empirical correlations of the minimum temperature and maximum relative humidity inside
the spring-loaded actuator and the maximum temperature of the heater surface were fitted.
The research results may provide a reference for predicting temperature and humidity
distributions inside general spring-loaded actuators and provide a calculation basis for the
design of their heaters.

2. Research Object

The research object is a typical spring-loaded actuator in service from a Chinese
company. This spring-loaded actuator mainly consists of a box, a spring module, a heater,
and other components. Figure 1 shows the schematic diagram of the overall structure of
the spring-loaded actuator and gives the position of the heater. The length, width, and
height of the actuator box are 784, 790, and 1225 mm. The model number of the heater
is SP-409B-BY, which is made of aluminum alloy. L, W, and H are heater length, width,
and height. The original values of heater length, heater width, and heater height are
Lo =169 mm, Wy =55 mm, and Hy = 75 mm. The supply voltage of the heater is 220 V,
the heating power is represented by P, and the default heating power is Py = 100 W. The
distance of the heater from the side wall of the actuator box is 84 mm, and the distance
from the bottom wall of the actuator box is 150 mm. The spring-loaded actuator exchanges
air with the external environment through a square vent of 80 mm x 80 mm. In this
study, the working conditions and heater structural parameters were changed to study
their influence laws on the temperature and humidity distributions in the box of a typical
spring-loaded actuator. The details are as follows: the ambient temperature varies from
233.15 K to 313.15 K, the ambient relative humidity is 95%, the heating power ranges from
10 W to 150 W, the heater length changes from 84.5 mm to 253.5 mm, the heater width
varies from 10 mm to 100 mm, and the heater height ranges from 60 mm to 90 mm. The
above parameters are given according to the company’s requirements.
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Figure 1. Physical model of the spring-loaded actuator.

For the typical spring-loaded actuator studied in this work, according to the regu-
lations of the State Grid of China, the relative humidity inside the actuator box needs to
be less than 80%, the minimum temperature inside the actuator box needs to be greater
than 278.15 K, and the maximum temperature on the heater surface needs to be less than
353.15 K. If the temperature and relative humidity inside the actuator box exceeds the
above limit temperature and relative humidity, it will affect the operational performance of
the spring-loaded actuator and even affect the safe and stable operation of the high-voltage
switch. The extreme temperature mainly occurs on the heater surface, and of course, the
temperature on the components’ surface around the heater will also be high. Extreme
relative humidity mainly occurs around the components far from the heater and in mul-
tiple corners near the side walls at the bottom of the actuator box. However, due to the
influence of changes in ambient temperature and ambient relative humidity, such as when
the ambient temperature reaches 233.15 K (—40 °C), a very large heating power is required
to ensure the temperature inside the box larger than 278.15 K. At this time, if the size of
the heater is too small, the temperature of the heater surface may exceed 353.15 K (80 °C).
When the ambient temperature exceeds 293.15 K (20 °C), the ambient relative humidity
is greater than 90%, and the relative humidity inside the actuator box may not meet the
requirement of less than 80%. Therefore, it is necessary to conduct a simulation analysis of
temperature and humidity distribution characteristics in the typical spring-loaded actuator
(Part 1, the research content of this paper), and reasonably optimize the power and size of
the heater (Part 2, another paper under review).

This study analyzes the temperature distribution and relative humidity distribution
inside the spring-loaded actuator. The equation for calculating relative humidity (RH) is
as follows:

RH =mg/SH x 100 1)

where m; is the amount of water vapor in the wet air; SH is the saturated humidity, which
increases with the temperature increase.

3. Numerical Methods
3.1. Numerical Model

Figure 2a,b illustrate the numerical calculation model and the calculation flowchart
of the spring-loaded actuator studied in this work, respectively. As shown in Figure 2a,
the numerical calculation model mainly consists of the solid domains of the spring-loaded
actuator such as the actuator box, the heater, and other parts, as well as the internal fluid
domain inside the actuator box and the external fluid domain outside the actuator box.
The external fluid domain is a rectangular body formed by extending the outermost wall
of the actuator box outward by 1000 mm. It is constructed to simulate the atmospheric
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environment outside the actuator box. The outer surface of the solid domain and the inner
surface of the external fluid domain were set as the fluid-solid coupling interface. The inner
surface of the solid domain and the outer surface of the internal fluid domain were also set
as the fluid-solid coupling interface. The inner surface of the internal fluid domain and the
surfaces of the components inside the spring-loaded actuator (including the heater) were
also set as the fluid-solid coupling interface. The external fluid domain and internal fluid
domain were connected through the square air vent.

Establish control equations

y

Determine initial and boundary conditions

fluid-solid . i
- ternal
coupling interface al I” ?I):Jﬁjrr(liimain i/
- Divide grid model
|
internal ¢

" fluid domain ——>  Build discrete equations

air Set solve control parameters
D e I}

\ Solve discrete equations

v

| \ g >V [No Solution
\\ o bz?it;rr.leatflux convergence
Yes |,
Output results
(@) (b)

Figure 2. Numerical model of the spring-loaded actuator: (a) calculation model; (b) calculation
flowchart.

Figure 3 demonstrates the grid model of the typical spring-loaded actuator studied in
this work. The Workbench module of ANSYS software (V19.5, ANSYS Inc., Pittsburgh, PA,
United States) was used to complete the unstructured grid generation of the spring-loaded
actuator. The minimum mesh size was determined according to 1/10 of the minimum
structural size of each area in the spring-loaded actuator box. The maximum mesh size
was initially taken as 10 mm, and the mesh growth ratio was set to 1.2. For the mesh of
the internal fluid domain, the boundary layer meshes were also added. The number of
boundary layers was 15, and the height of the first layer mesh was 0.1 mm. The total grid
number was changed by adjusting the maximum mesh size. Finally, the appropriate total
grid number was determined by the grid-independence verification.

whole mesh

mesh of actuator shell mesh of internal components

Figure 3. Grid model of the spring-loaded actuator.
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To ensure the reliability and economy of the numerical method, grid-independent
verification for the spring-loaded actuator was carried out. A total of six sets of grid
models were carried out for numerical calculations with total mesh numbers of 1.8 million,
2.6 million, 3.8 million, 5.0 million, 6.6 million, and 8.1 million. The variation curves
of the minimum temperature and maximum relative humidity inside the actuator box
with the total mesh number are given in Figure 4. It can be seen from Figure 4 that the
minimum temperature inside the actuator box gradually decreases with the increase in
the total mesh number, and the maximum relative humidity gradually increases with the
increase in the total mesh number. It is worth noting that, the respective differences of
the minimum temperature and the maximum relative humidity at the total mesh number
of 6.6 million and 8.1 million are already very small. The differences between them are
both close to 1%, which indicates that the requirement of grid-independent verification
is achieved. Additionally, the grid convergence study results (calculated based on the
minimum temperature) in Table 1 obtained by the GCI index [33] also show that the total
mesh number of 6.6 million can meet the grid independence requirements, due to the GCI
index being close to 1% when the total mesh number is 6.6 million. Therefore, the fifth set
of grid models (total mesh number of 6.6 million, including 5.59 million in the fluid domain
and 1.01 million in the solid domain) was adopted to complete the grid generation task of
the typical spring-loaded actuator in this study.

3151
i —— Minimum temperature
» 310 F p
305
300 1 1 1 1 L 1 L 1 1 1 1 1 L 1 1 |
100 200 300 400 500 600 700 800 900
Total mesh number/million
(a)
65
<60
3 55
50 i —— Maximum relative humidity

100 200 300 400 500 600 700 800 900
Total mesh number/million

(b)

Figure 4. Grid independence verification: (a) temperature; (b) relative humidity.

Table 1. Grid convergence study results.

No. Total Mesh Number/Million Mesh Refinement Ratio Tmin/K GCI Index
1 180 - 313.38 -
2 260 1.44 308.78 4.30%
3 380 1.46 305.84 2.68%
4 500 1.32 304.72 1.51%
5 660 1.32 304.01 0.95%
6 810 1.23 303.67 0.64%
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3.2. Numerical Simulation Methods

In this investigation, the coupled heat transfer calculation method was used to com-
plete the numerical calculations of the temperature and humidity inside the spring-loaded
actuator. In numerical calculations, the interfaces between the fluid domain and the solid
domain were all set as coupling surfaces. Both sides of the coupling surfaces have the same
heat flux and temperature. The fluid domain was assumed to be a three-dimensional, gravi-
tational, constant, incompressible flow. The finite element-based finite volume method was
used to discrete the governing equations [33]. The Reynolds time-averaged N-S equations
were solved by the CFX module of ANSYS software (V19.5, ANSYS Inc., Pittsburgh, PA,
United States). The built-in advection schemes in CFX can be written as [34]:

Pip = Qup + 0V @ - AT @)

where 7 is the vector from the upwind node to the integration point (ip), and ¢, is the
value at the upwind node. Specific choices for # and V¢ yield different schemes.

The high-resolution scheme, which utilizes a specific nonlinear recipe for 6 at each
node as defined in Equation (2) and is calculated to be approximate to 1 as far as possible
without generating new extrema, was chosen as the option of the advection scheme. Since
the advection scheme for the turbulence model equations are irrespective of the advection
scheme setting and depends on turbulence numerics, the high-resolution advection scheme
was also chosen as the option of turbulence numerics.

Due to the need to calculate the humidity, a new material containing two components,
water vapor and air, was created to form the component transport model. Due to the higher
flow velocity of the fluid above the heater, the flow in this area has the characteristics of
turbulent flow. Therefore, the numerical method in this study also considers the calculation
of turbulent flow. Reference [35] has proven that the RNG k-¢ turbulence model is more
suitable for calculating temperature and humidity inside a certain space. Therefore, the
RNG k-¢ turbulence model was used to solve the turbulent flow inside the spring-loaded
actuator box. For the solid domain, only the thermal conductivity equation was solved.
The overall residual level of the numerical simulation was set to 10~°. When the residual
level was equal to 107, the solution of the numerical simulation was stopped.

The conservation equations of continuity, momentum, and energy are as follows [36]:

d(pwi) _
9 (i) oP 9 ou;  om;
T“aﬁxﬁaij (b + ) 3714‘87] 4)
9T 9 (. 0T 3 (w T
o =3 (o)~ () o

According to the conservation equation for the species transport, the amount of water
vapor in the air can be calculated, and then the relative humidity value can be calculated
from the air temperature and saturation humidity. The conservation equation for species
transport can be given as follows:

I(pCA)
ot

+V- (pcﬁ) - vaDJr”t)vc;g] + Ry 6)
SCt

where Cj is the local mass fraction of component A, D is the mass diffusion coefficient

for component A, Sc; is the turbulent Schmidt number, and R, is the net production rate

caused by source term.
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The mass diffusion coefficient of water vapor is computed according to the temperature-
dependent empirical correlations below:

D =216 x 10~°(T/273.15)"® )

where the unit of D is m?-s~1, T is the temperature of the air-water vapor mixture.

The thermal energy equation for the air-water vapor mixture is expressed as follows:

ou;T ) Cppt al

_ 9 “l/lt E)Ys
P%ij o (kg + Pr, >ax]~ +;hs(PD+ (8)

Se) oy,

where c, is the specific heat of the air-water vapor mixture, and kg is the thermal conductiv-
ity of the air-water vapor mixture; Pr; is the turbulent Prandtl number, Y; and /s are the
species mass fraction and species enthalpy, respectively.

This study solves a natural flow problem, where the driving force of fluid flow comes
from gravity. Therefore, the wind speed around the actuator box was not considered in
this study. According to the actual operating conditions of the spring-loaded actuator, the
boundary conditions were set as follows: the body heat source was assigned to the heater
domain, and the body heat flux was calculated according to the heating power (10 W to
150 W). The side and top surfaces of the external fluid domain were set as the opening
conditions. The opening temperature (233.15 K to 313.15 K), opening pressure (1 atm),
opening relative humidity (95%), and opening velocity (0 m-s~!) were assigned to the side
and top surfaces of the external fluid domain. The relative humidity was calculated by
the mass fraction of water vapor in the component transport model. For the initialization
of the ambient conditions of the external fluid domain, the specific values of ambient
temperature, ambient pressure, and ambient relative humidity were set according to the
studied working conditions, and the corresponding ambient velocity was set to 0 m-s~*.
The initialization temperature of 298.15 K, initialization pressure of 1 atm, initialization
relative humidity of 0%, and initialization velocity of 0 m-s~! were assigned to the internal
fluid domain. The mass and momentum terms at the fluid-fluid interface at the square air
vent are conservative flux values. The calculation of fluid-solid coupled heat transfer also
follows the most basic conservation principle, which requires the conservation of variables
such as temperature and heat flux at the fluid-solid interface. The conservation equation is
expressed as Equation (9). The detailed boundary conditions are shown in Table 2.

Table 2. Boundary conditions for the numerical calculations.

Locations Boundary Conditions Values
heater domain heating power 10 W to 150 W
opening temperature 233.15 K to 313.15 K
side and top surfaces of opening pressure 1 atm
external fluid domain opening relative humidity 95%
opening velocity Om-s!
ambient temperature 233.15K to 313.15 K
ambient pressure 1 atm
external fluid domain ambient relatfve humidity 95%
ambient velocity Om-s!
initialization temperature 298.15K
. . . initialization pressure 1 atm
internal fluid domain initialization relative humidity 0%
initialization velocity Om-s~!
. s interface heat flux gs=4s
fluid-solid interface . _
interface temperature Te=Ts
fluid-solid interface at the mass terms conservative flux value

square air vent momentum terms conservative flux value
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Equation (9) is written as follows:

9t = 9s
{ =t ©)
where g; is the heat flux at the interface of the fluid domain side; g5 is the heat flux at the

interface of the solid domain side; T is the temperature at the interface of the fluid domain
side; T is the temperature at the interface of the solid domain side.

3.3. Numerical Method Verification

A reliable and accurate numerical method is the basis for conducting temperature
and humidity simulations of the spring-loaded actuator. Therefore, the experimental data
in Reference [35] was used to verify the reliability and accuracy of the numerical method
established in this study. The experimental parameters used to validate the numerical
method are as follows: the dimensions of the experimental space are4 m x 4 m x 3 m.
The heater’s dimensions are 1.5 m x 0.6 m x 0.1 m. The dimensions of the inlet and outlet
are both 1 m x 0.15 m. The inlet velocity is 0.15 m/s. The mass fraction of water vapor in
the component at the inlet is set to 0.95%. The outlet pressure is 1 atm. The mass fraction
of water vapor in the component at the outlet is set to 0%. The temperature of the heater
surface is constant at 333.15 K. The temperature of the human body surface is constant at
306.15 K. The mass fraction of water vapor in the component in the experimental space is
set to 1%. The outside of glass windows in the experimental space were set as the boundary
condition for the convective heat transfer coefficient, with a value of 25 W-m—2.K 1.

Figure 5 compares the calculated results of the numerical method in this work and the
experimental results in Reference [35]. Table 3 shows the percentage deviations between the
corresponding numerical and experimental results. As shown in Figure 5a, the temperature
calculated by the numerical method in this work has the same trend and similar value as
the experimentally measured temperature in Reference [35], and the maximum deviation
between them is 4.4%. As shown in Figure 5b, the relative humidity distribution trend
calculated by the numerical method in this work is also the same as that of the experimen-
tally measured relative humidity distribution trend in [35], and their values are also similar
with a maximum deviation of 8.5%. Therefore, the numerical method for simulating the
temperature and humidity distribution characteristics inside a certain space established in
this study has relatively high reliability and accuracy.

299

208 -5- Experimental data
M —#— Numerical data
£ 297
= 296

295 — 1

0 01 02 03 04 05 06 0.7 0.8 09
Distance to human head/m

(a)
58
© 561 e
54 gt
m? 5[ -e- Experimental data
K50 f —o— Numerical data
48

0 01 02 03 04 05 06 07 08 09
Distance to human head/m

(b)

Figure 5. Validation of numerical methods based on experimental data in Reference [35]: (a) tempera-
ture; (b) relative humidity.
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Table 3. Percentage deviations between numerical and experimental results.

Distance to Human Head/m  Deviation of Temperature/% Deviation of Humidity/%
0.025 —0.69 0.64
0.05 1.37 1.97
0.1 1.56 —0.59
0.2 —0.71 3.86
0.3 —1.90 2.16
0.4 —4.11 191
0.6 —3.72 1.79
0.8 —4.40 8.50

4. Results Analysis and Discussion

It has been rarely seen that a heater system can control the temperature and humidity of
a spring actuator and that it can be operated safely at different environmental temperatures.
This study is unique: (1) the temperature and humidity distribution characteristics in a
typical spring-loaded actuator are illustrated. (2) the influence laws of ambient temperature,
heater power, and heater size on the temperature and humidity distributions inside the
typical spring-loaded actuator were analyzed. (3) the practical empirical correlations of the
minimum temperature and maximum relative humidity inside the typical spring-loaded
actuator and the maximum temperature of the heater surface were fitted.

4.1. Distribution Characteristics of Velocity, Temperature, and Humidity

Figure 6 demonstrates the temperature and humidity distribution characteristics along
with the flow field inside the spring-loaded actuator. The ambient temperature is 298.15 K,
the ambient pressure is 1 atm, the ambient relative humidity is 95%, and the heating power
is 100 W. As can be seen from Figure 6a, the air around the heater starts to move vertically
upward after being heated, due to the thermal expansion and density reduction in the
heated air. Then, the heated air begins to move along the width and length directions
after reaching the top wall of the large box on the right side of the spring-loaded actuator.
Subsequently, the heated air obliquely flows to the adjacent small box on the left side of the
spring-loaded actuator. Finally, the heated air flows through the vent to the outside of the
spring-loaded actuator. The air velocity above the heater is the fastest, and the maximum
flow velocity is up to 0.5 m/s. Then, when the air laterally flows towards the length and
width of the large box, the air velocity gradually decreases.

As seen from Figure 6b,c, the heater surface has the highest temperature and lowest
relative humidity, which results in higher temperature and lower relative humidity of the
air around and directly above the heater. According to the comprehensive analysis of
Figure 6a,b, since the heater is located in the bottom and innermost corners of the large
box, the temperature gradually decreases when the air starts flowing from the large box’s
top wall directly above the heater to other components. Therefore, the air temperature
around other components gradually decreases from top to bottom. As shown in Figure 6c,
the corresponding relative humidity of the air around the heater is the lowest. Then, the
relative humidity of the air around other components gradually increases. Overall, the
relative humidity of the air around other components gradually increases from top to
bottom. In addition, it can also be found from Figure 6b that, the temperature of the heater
surface far exceeds the temperature of the other parts. This is because on the one hand,
the size of the heater is small, and on the other hand, the heating power is relatively large
(100 W). Under the condition of natural convection, the heat on the surface of the heater
cannot be dissipated quickly, resulting in a high local temperature on the surface of the
heater. The excessive temperature of the heater will affect the safety and reliability of the
entire spring-loaded actuator. Therefore, it is necessary to study the influence laws of
different working conditions and structural parameters of a heater on the temperature and
humidity distributions in the spring-loaded actuator. To provide theoretical reference for
the design, operation and management of the heater inside the spring-loaded actuator.
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Figure 6. Distribution characteristics of velocity, temperature, and humidity in the spring-loaded
actuator: (a) velocity; (b) temperature; (c) humidity.

4.2. Effect of Working Conditions Parameters

Figure 7 displays the influence laws of ambient temperature on the minimum temper-
ature, maximum relative humidity, and heater surface maximum temperature inside the
spring-loaded actuator. The ambient pressure is 1 atm, the ambient relative humidity is 95%,
and the heating power is 100 W. As seen in Figure 8, the effect of ambient temperature on
the minimum temperature, maximum relative humidity, and heater surface maximum tem-
perature inside the spring-loaded actuator is very significant. As shown in Figure 7a, When
the ambient temperature increases from 233.15 K to 313.15 K, the minimum temperature
inside the spring-loaded actuator increases from 233.86 K to 313.38 K for P = 10 W and
increases from 240.32 K to 322.73 K for P = 100 W, that is, the minimum temperature inside
the actuator is increased by 34.00% for P = 10 W and 34.29% for P = 100 W. As shown in Fig-
ure 7b, With the increase in ambient temperature, the maximum relative humidity shows a
trend of increasing and then decreasing. Specifically, When the maximum relative humidity
reaches its highest value of about 80.36% for P = 10 W and about 69.5% for P = 100 W
at 273.15 K and reaches its lowest value of about 43.12% for P = 10 W and about 28.85%
for P = 100 W at 313.15 K. As shown in Figure 7c, as the ambient temperature increases
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from 233.15 K to 313.15 K, the maximum temperature on the heater surface increases from
24418 K to 315.54 K for P = 10 W (that is, an increase of 29.22%), and increases from 304.23 K
to 398.87 K for P = 100 W (that is, an increase of 31.11%). These results show that different
heating power should be used at different ambient temperatures.

340 90 1
- | —e— P=10W
320F | -=- P=100 W 80 -
300 <7
SN <60
£280 | g
&~ - 5 50 |
260 ‘ 40 -
240 |- 30 -
220 1 L 1 L I L 1 L 1 20 1 1 1 1 1
220 240 260 280 300 320 220 240 260 280 300 320
T./K T.JK
(a) (b)
450
L | —e— P=10W
400 - - P=100W
350
300 -
250 -
200 L 1 L 1 L | L | L |
220 240 260 280 300 320
T./K

(0)

Figure 7. Effect of ambient temperature on temperature and humidity distributions inside the spring-
loaded actuator: (a) minimum temperature; (b) maximum relative humidity; and (c¢) maximum

temperature of heater surface.

Figure 8 shows the influence laws of heater power on the minimum temperature,
maximum relative humidity, and heater surface maximum temperature inside the spring-
loaded actuator. The ambient temperature is 298.15 K, the ambient pressure is 1 atm,
and the ambient relative humidity is 95%. It can be seen from Figure 8 that, the heating
power of the heater also has a significant effect on the minimum temperature, maximum
relative humidity, and the heater surface maximum temperature inside the spring-loaded
actuator. Specifically, When the heating power increases from 10 W to 150 W, the minimum
temperature inside the spring-loaded actuator is increased from 273.64 K to 282.94 K at
Ta =273.15K and increased from 299.54 K to 310.34 K at T, = 298.15 K, With relative increase
scales of 3.40% at T, =273.15 K and 3.61% at T, = 298.15 K. The maximum relative humidity
inside the spring-loaded actuator decreased from 90.81% to 57.87% at T, = 273.15 K and
decreased from 88.10% to 36.53% at T, = 298.15 K, With relative decrease scales of 51.97%
at T, = 273.15 K and 58.63% at T, = 298.15 K. The maximum temperature of the heater
surface is increased from 280.21 K to 365.18 K at T, = 273.15 K and increased from 311.77 K
to 415.44 K at T, = 298.15 K, With relative increase scales of 30.33% at T, = 273.15 K and
33.25% at T, = 298.15 K.



Actuators 2023, 12, 234 13 of 21
320 1 100 -
L —-— 7,=273.15K I —-— 7,=273.15K
3l0L | = T.=298.15K 07 = 7,=298.15K
I -/././I/. 80 I
M 300 - § 70 :
g - é N
~ 200 S 60r
L 50 F
280 |
I ’/’/’/k—”—a 40
270 L [ [ [ Ly L L L 30 L L L [ TR L L L
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160
PIW P/W
(a) (b)
450
—-— 7,=273.15K
- 7,=298.15K
400 [
=3
2350
<o
300 -
250 L L L L Loy L L L
0 20 40 60 80 100 120 140 160
PIW
(o)

Figure 8. Effect of heater power on temperature and humidity distributions inside the spring-loaded
actuator: (a) minimum temperature; (b) maximum relative humidity; (¢) maximum temperature of
heater surface.

In summary, the influence of ambient temperature and heating power on the tempera-
ture and humidity distribution in the spring-loaded actuator is relatively significant.

4.3. Effect of Heater Size

Figure 9 illustrates the influence laws of heater length on the minimum temperature,
maximum relative humidity, and heater surface maximum temperature inside the spring-
loaded actuator. The width and height of the heater remain unchanged. The ambient
temperature is 298.15 K, the ambient pressure is 1 atm, the ambient relative humidity is 95%,
and the heating power is 100 W. As shown in Figure 9, the minimum temperature inside the
spring-loaded actuator first decreases and then increases with the increase in heater length,
the maximum relative humidity inside the spring-loaded actuator first increases and then
decreases with the increase in heater length. However, both the minimum temperature
and maximum relative humidity inside the spring-loaded actuator are little affected by the
change in heater length. The heater surface maximum temperature significantly decreases
with the increase in heater length. When the heater length increases from 84.5 mm to
253.5 mm, the maximum temperature of the heater surface decreases from 372.89 K to
338.77 K at T, = 273.15 K and from 393.62 K to 351.35 K at T, = 298.15 K, which is decreased
by 9.15% at T, = 273.15 K and 10.74% at T, = 298.15 K.



Actuators 2023, 12, 234

14 of 21

310 70
= H . . . |-
305 65 .//’a\.
300 o I
Mot =60
EPT — T,=273.15K §55: —~ 7,=273.15K
200 | - 7,=298.15K | -= 7,=298.15K
285 0T ./_/-\.\.
i ——o—— o ——0—— o
280 ! | L 1 L 1 \ ] ) ] 45 . 1 ! 1 | 1 L ] )
50 100 150 200 250 300 50 100 150 200 250
L/mm L/mm
(a) (b)
400 -
380
=2
£360
S
340F | o 7,=273.15K
- = 7,=298.15K
320 I 1 L 1 L 1 L 1 '
50 100 150 200 250
L/mm
(c)

Figure 9. Effect of heater length on temperature and humidity distributions inside the spring-loaded
actuator: (a) minimum temperature; (b) maximum relative humidity; (¢) maximum temperature of
heater surface.

Figure 10 exhibits the influence laws of heater width on the minimum temperature,
maximum relative humidity, and heater surface maximum temperature inside the spring-
loaded actuator. The length and height of the heater remain unchanged. The ambient
temperature is 298.15 K, the ambient pressure is 1 atm, the ambient relative humidity is
95%, and the heating power is 100 W. As shown in Figure 10, the influence rule of heater
width on the minimum temperature, maximum relative humidity, and heater surface
maximum temperature inside the spring-loaded actuator is almost the same as that of
heater length on these characteristic parameters. The influence of heater width on the
minimum temperature and maximum relative humidity inside the spring-loaded actuator
is also small. The influence of heater width on the heater surface maximum temperature
is also significant. When the heater width varies from 10 mm to 100 mm, the maximum
temperature of the heater surface is reduced from 372.11 K to 343.86 K at T, = 273.15 K and
reduced from 396.62 K to 360.92 K at T, =298.15 K, i.e., reductions of 7.59% at T, = 273.15 K
and 9.01% at T, = 298.15 K.
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Figure 10. Effect of heater width on temperature and humidity distributions inside the spring-loaded
actuator: (a) minimum temperature; (b) maximum relative humidity; (¢) maximum temperature of
heater surface.

Figure 11 gives the influence laws of heater height on the minimum temperature,
maximum relative humidity, and heater surface maximum temperature inside the spring-
loaded actuator. The length and width of the heater remain unchanged. The ambient
temperature is 298.15 K, the ambient pressure is 1 atm, the ambient relative humidity is 95%,
and the heating power is 100 W. As can be found from Figure 11, similar to the effect laws
of heater length and heater width, the effect of heater height on the minimum temperature
and maximum relative humidity inside the spring-loaded actuator is not significant. In
contrast, the effect of heater height on the heater surface maximum temperature is relatively
significant. Unlike the effects of heater length and width, the minimum temperature
inside the spring-loaded actuator slightly decreases with increasing heater height, and the
maximum relative humidity slightly increases with increasing heater height. When the
heater height changes from 60 mm to 90 mm, the maximum temperature of the heater
surface is decreased from 360.26 K to 343.58 K at T; = 273.15 K and decreased from 386.97 K
t0 368.68 K at T, =298.15 K, i.e., relative decrease scales of 4.63% at T, = 273.15 K and 4.73%
at T, =298.15K.
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Figure 11. Effect of heater height on temperature and humidity distributions inside the spring-loaded
actuator: (a) minimum temperature; (b) maximum relative humidity; (¢) maximum temperature of

heater surface.

In summary, the analysis results show that the heater size has little effect on the mini-
mum temperature inside the spring-loaded actuator but has a relatively significant effect
on the maximum relative humidity inside the spring-loaded actuator and the maximum
temperature of the heater surface.

4.4. Empirical Correlations Fitting

To promote the practicability of the research results obtained in this investigation,
the empirical correlations of the minimum temperature and maximum relative humidity
inside the actuator box, as well as the maximum temperature of the heater surface, were
fitted for the spring-loaded actuator under various working conditions and different heater
structural parameters. To improve the fitting accuracy of the empirical correlations, the
appropriate function forms are first determined based on the variation laws of various
characteristic parameters of the spring-loaded actuator with the influencing parameters.
This process is completed using the curve fitting function in WPS (V11.1, Kingsoft Office,
Beijing, China), which involves changing the function form multiple times and selecting
the function form with the highest fitting determination coefficient. Afterward, the selected
function forms are weighted and multiplied together through self-programming. Finally,
the final empirical correlations are fitted and obtained through self-programming in Python
(V3.8, Python Software Foundation, Wilmington, DE, United States). Additionally, in order
to generalize the obtained results in this work, the empirical correlation will be processed
in dimensionless forms. Conduct dimensionless treatment on the ambient temperature, the
minimum temperature inside the actuator box and the maximum temperature of heater



Actuators 2023, 12, 234

17 of 21

surface with the maximum limit temperature (T, = 353.15 K) of the heater surface. Conduct
dimensionless treatment on the maximum relative humidity inside the actuator box with
the maximum limit relative humidity (RHn = 80%). Conduct dimensionless treatment
on the heating power with a rated heating power (Py = 100 W), and conduct dimension-
less treatments on the heater length, width and height with the original heater length
(Lo = 169 mm), width (W( = 55 mm) and height (Hy = 75 mm). Then, there are dimension-
less ambient temperature Ty = Ta/Tm, dimensionless minimum temperature inside the
actuator box Thin 4 = T'min/Tm, dimensionless maximum temperature of heater surface
Theater d = Theater/ Tm, dimensionless maximum relative humidity inside the actuator box
RHpax ¢ = RHmax/RHm, dimensionless heating power Py = P/ P, dimensionless heater
length Ly = L/Ly, dimensionless heater width Wy = W/W, and dimensionless heater
width Hy = H/Hj.

According to the results in Sections 4.2 and 4.3, the minimum temperature inside
the spring-loaded actuator is monotonically changed with the changing of the ambient
temperature, heater power, and heater height. Therefore, the relationships between the
minimum temperature and the ambient temperature, heater power, or heater height were
assumed to be the power functions. Further, the minimum temperature is firstly decreased
and then increased with the changing of the heater length and heater width. Therefore, the
relationships between the minimum temperature and the heater length, or heater width
were assumed to be the quadratic polynomial functions. Consequently, the form of the
empirical correlation of the dimensionless minimum temperature is as follows:

Tomin d = 1 Tq" Py (d1Lg> + e1Lg + f1) (g1 Wa> + Wy + iy) Hy'" (10)

where a1 to j; are the parameters to be fitted for the empirical correlation of the minimum
temperature of the spring-loaded actuator.

The maximum relative humidity inside the spring-loaded actuator is monotonically
varied with the increase in the heater power and heater height. Thus, the relationships
between the maximum relative humidity and the heater power, or heater height were
assumed to be the power functions. Additionally, the maximum relative humidity is firstly
increased and then decreased with the increase in the ambient temperature, heater length,
and heater width. Thus, the relationships between the maximum relative humidity and
the ambient temperature, heater length, and heater width were assumed to be quadratic
polynomial functions. Hence, the form of the empirical correlation of the dimensionless
maximum relative humidity is as follows:

RHpax g = 22(b2Tg? + 2Ty + d2) Py (foLa® + §2Lg + o) (2 Wa? + oWy + ko) Hg?  (11)

where a; to [; are the parameters to be fitted for the empirical correlation of the maximum
relative humidity of the spring-loaded actuator.

The maximum temperature of the heater surface is monotonously changed with the
changing of the ambient temperature, heater power, length, width, and height. As a result,
the relationships between the maximum temperature of the heater surface and the ambient
temperature, heater power, length, width, or height were all assumed to be the power
functions. Thus, the form of the empirical correlation of the dimensionless heater surface
maximum temperature is as follows:

Theater d = 3Tq" Py Lg™3 Wy® Hyf? (12)

where a3 to f3 are the parameters to be fitted for the empirical correlation of the maximum
temperature of the heater surface in the spring-loaded actuator.

Based on the numerical data from simulations, the Python language was used to fit
the empirical correlations of Equations (10)—(12) by self-programming. The fitting work is
completed by calling the curve fit module of the Scipy package through self-programming
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in Python. The curve fit module uses the non-linear least square algorithm for function
fitting. The fitting results are as follows:

Tmind = 0.671T4%92P4%0123(0.00126 L4% — 0.00156 L4 — 0.607)

13

(0.00158W42 — 0.000579Wy4 — 2.531) Hy ~0-0069 (13)

RHpax ¢ = 1.157(3.004T4% — 4.563T4 + 1.646) P4 ~%271(0.218L4> )
—0.545Lq — 2.452)(—0.0956W42 + 0.264 Wy + 2.728) H4 186

Theater d = 1_242Td0.869 Pd0.0978 Ld70.0874 Wd70'0343 deo.117 (15)

where 0.66 < T4 <0.89,0.1 <Py <1505<L3<15018<W3q<18208<Hyq<12

The fitting determination coefficients (R?) of Equations (13)—(15) are 0.997, 0.883, and
0.931, respectively, indicating that the fitting results of these three equations are reasonable.
The validity ranges of Equations (13)—(15) are: 233.15 K < T, <313.15K, 10 W <P <150 W,
845 mm <L <2535 mm, 10 mm < W < 100 mm, 60 mm < H < 90 mm.

Figure 12 demonstrates the distribution curves of fitting deviations for the empir-
ical correlations of Equations (13)-(15). As shown in Figure 12, the maximum fitting
deviation and mean fitting deviation of Equation (13) for the minimum temperature
inside the spring-loaded actuator are —1.05% and 0.19%, respectively. The maximum
fitting deviation and mean fitting deviation of Equation (14) for the maximum relative
humidity inside the spring-loaded actuator are 12.43% and 3.20%, respectively. The
maximum fitting deviation and mean fitting deviation of Equation (15) for the maximum
temperature of the heater surface are —5.15% and 1.38%, respectively. It can be found
that Equation (14) has the largest fitting deviation and the lowest fitting accuracy, fol-
lowed by Equation (15). In contrast, Equation (13) has the smallest fitting deviation and
the highest fitting accuracy. On the whole, the fitting deviations of Equations (13)—(15)
are small and can be used to predict the minimum temperature and maximum relative
humidity inside the actuator box as well as the maximum temperature of the heater
surface for a typical spring-loaded actuator.
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5. Conclusions

In this work, the temperature and humidity distribution characteristics in a spring-
loaded actuator were thoroughly researched by numerical methods. The main conclusions
are as follows:

(1) The air temperature around and directly above the heater is the highest and the
corresponding relative humidity is the lowest. Then, the air temperature gradually
decreases, and the relative humidity increases with the lateral flow of air.

(2) When the ambient temperature increases from 233.15 K to 313.15 K, the minimum
temperature inside the actuator is increased by about 34%, the maximum humidity
first increases and then decreases, and the maximum temperature on the heater surface
is increased by 30%.

(3) When the heating power increases from 10 W to 150 W at T, =273.15 Kand T, =298.15K,
the minimum temperature inside the actuator is increased by 3.40% and 3.61%, the
maximum humidity is decreased by 51.97% and 58.63%, and the maximum tempera-
ture on the heater surface is increased by 30.33% and 33.25%, respectively.

(4) The influence of heater length, width, and height on the minimum temperature and
maximum relative humidity inside the spring-loaded actuator is relatively small.
Within the study range, the increase in heater length, width, and height makes the
maximum temperature on the heater surface decrease by 9.15%, 7.59%, 4.63% at
Ta =273.15K, and 10.74%, 9.01%, 4.73% at T, = 298.15 K, respectively.

(5) The maximum fitting deviations for the empirical correlations of minimum tempera-
ture, maximum relative humidity, and heater surface maximum temperature inside
the spring-loaded actuator are —1.05%, 12.43%, and —5.15%, respectively.

(6) The results may provide a reference for predicting temperature and humidity distri-
butions inside general spring-loaded actuators and provide a calculation basis for the
design of their heaters.

Author Contributions: Conceptualization, L.X. (Lei Xi); methodology, L.X. (Lei Xi); validation,
L.X. (Liang Xu); formal analysis, Z.Z.; investigation, Z.Y.; resources, J.G.; data curation, Q.R.;
writing—original draft preparation, L.X. (Lei Xi); writing—review and editing, Q.R.; visualization,
Y.L.; supervision, L.X. (Lei Xi); project administration, ].G. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the Project Supported by Natural Science Basic Research
Plan in Shaanxi Province of China (2022](QQ-545), the Project funded by China Postdoctoral Science
Foundation (2021M702573), and the National Natural Science Foundation of China (51876157).

Institutional Review Board Statement: Not applicable.



Actuators 2023, 12, 234 20 of 21

Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature

H Heater height, mm.

L Heater length, mm.

Mg amount of water vapor, g-m .

P Heating power, W.

R Relative humidity, %.

RHmax Maximum relative humidity, %.

SH Saturated humidity, g-m 3.

T Temperature, K.

Ta Ambient temperature, K.

T min Minimum temperature inside the actuator, K.
Theater ~Maximum temperature of heater surface, K.
W Heater width, mm.
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