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Abstract—The insulation space designed to mitigate the effects of a high-
temperature gradient environment in high-temperature gas-cooled reactors
is crucial for the normal operation of drive motors. This paper explores the
insulation space’s thermal suppression characteristics and dominant factors
by employing the field and circuit combination method to simulate the fluid-
thermal evolution. It reveals the heat transfer modes and elucidates the
mechanisms underlying thermal suppression behavior, enhancing model
accuracy through experimental data integration. A thermal equilibrium
assessment method is introduced, which constructs the spatial relationship
of temperature parameters and the nonlinear mapping between
environmental variables, structural parameters, and judgment criteria.
Additionally, the response surface method is utilized to optimize the through-
hole structure of the insulation space. Findings indicate that thermal
convection primarily inhibits heat transfer within the insulation space in
high-temperature gradient environments, both pressure and through-hole
structure significantly influence the thermal state distribution characteristics.
After optimizing the nonlinear structural parameters, the thermal balance
performance of the insulation space was improved by 9.12% compared to
the original model when the number of holes was 7 and the diameter was 66
mm, and the vortex situation in the insulation space watershed was
effectively improved. This paper offers a foundational research basis and
novel insights for the heat exchange system of high -temperature gas-cooled
reactors, with broader implications for high -temperature motor system
studies.
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1. Introduction

Amid global resource constraints and escalating environmental pollution issues [1, 2], the
development of nuclear energy is becoming increasingly critical. High-temperature gas-cooled
reactors (HTGRs) represent the pinnacle of the Generation IV nuclear power systems. They have
emerged as focal points in global nuclear power development due to their excellent safety features,
high efficiency, and versatility [3]. The main helium fan of the high-temperature gas-cooled reactor
includes two chambers. The drive motor's temperature in the working chamber is maintained below
65°C by a heat exchange system, while the internal helium temperature in the fan chamber can rise to
at least 250°C during normal operation due to circuit heat [4]. Under high-temperature gradients, in
order to reduce the impact of high-temperature helium gas in the first loop of the reactor on the
working chamber of the drive motor, the insulation space plays an important role in isolating external
heat source interference and suppressing helium gas reflux on the first loop side. The schematic
diagram of the working chamber and insulation space is shown in Figure 1. As the largest barrier to
maintaining the stability of the working chamber environment, clarifying the heat transfer law and key
factors of thermal suppression behavior in the insulation space and proposing targeted structural
optimization strategies are of great significance for improving the long-term service capability of the
drive motor and achieving the large-scale development of high-temperature gas-cooled reactors.
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Fig. 1. Sketch of working chamber and insulated space.

Given that high-temperature gas-cooled reactors are still in the research and demonstration stage,
their core technologies (such as fuel manufacturing, helium circulation, high-temperature suppression,
etc.) are not fully mature, and scientific research progress is still in the early stages of laboratory or
prototype reactor exploration. There has been no relevant research on insulation space at home and
abroad, and only engineer Zou Debao from China Jiamusi Electric Power Plant has briefly
summarized their structural functions [4]. Conducting research on heat transfer in multi-temperature
zone cavity structures for thermal insulation space, establishing a flow resistance network for the
research target using fluid network method and calculating the flow parameters at each node can serve
as the basis for further solving related heat transfer problems [5-7]. Some studies have shown that

there is an interaction between surface heat radiation and natural convection heat transfer in the cavity



body under different conditions, and the influence of heat radiation on the temperature field of the
cavity cannot be ignored [8-13]. Therefore, exploring the dominant heat transfer mode of each
component in the thermal evolution process of the thermal insulation space is a necessary step to
reveal the causes of its thermal suppression behavior. Non-steady-state numerical simulation of the
cooling effect of a stationary heating element under strong convective heat transfer considering
various factors such as temperature and pressure [14]. A series of academic achievements, such as the
establishment and simulation calculation of a coupled heat transfer model with a built-in surface heat
source in a closed square cavity [15, 16], can demonstrate that clarifying the influencing factors and
variation laws of flow heat parameters in space is an important core for highlighting the theoretical
research value of gradient temperature difference control.

At the same time, as a key structure in the "insulation space", if the insulation flange is in an
environment with high-temperature gradient, if the temperature distribution of the structure is uneven,
the internal thermal expansion deformation will cause uneven anisotropic thermal stress, which may
cause local structural damage. The uniformity of its thermal distribution also needs to be carefully
considered [17-20]. For the analysis of uniformity, most articles only analyze it through data and cloud
maps [21-25]. Therefore, in order to further effectively study and improve the thermal uniformity
distribution of key structures in thermal insulation spaces, it is necessary to propose a thermal
parameter evaluation method that can intuitively analyze thermal balance. In summary, a closed-loop
theoretical research route has been formed for simulating the thermal distribution of insulation spaces,
analyzing heat transfer mechanisms, and optimizing functional enhancement. Furthermore, a spatial
gradient temperature difference suppression strategy has been proposed, which can not only fill the
research gap in the overall heat transfer mechanism of drive motors but also achieve a new goal of
enhancing the robust service capability of motors and their systems.

This article aims to explore the causes of thermal suppression in thermal insulation spaces and
improve their structural functionality. It comprehensively describes the heat transfer process in the
thermal insulation space of drive motors under high temperature gradients, fully based on the actual
cavity structure of the thermal insulation space. A fluid network topology and multi-field coupling
calculation model are established to simulate the thermal evolution of the thermal insulation space
under high temperature gradients. By determining the key structural roles and related influencing
factors in the thermal suppression behavior of the space, the nonlinear mapping relationship between
the variable structural parameters of the space wall and the thermal evaluation parameters is revealed,
and targeted optimization strategies for the space structure are proposed. This provides theoretical
support for improving the long-term service capacity of the drive motor and its system, enhancing the
safety and reliability of the reactor.

This paper not only provides a technical reference for enhancing the service capabilities of
helium-driven motors in high-temperature gas-cooled reactors but also offers a theoretical foundation
for designing special motors capable of operating under high-temperature gradients, using the thermal
parameter judgment method discussed herein.

2. Insulated space modeling and calculations

2.1. Modeling and calculation of fluid networks in insulated spaces

To derive the relevant boundary conditions for three-dimensional fluid-heat coupling
calculations, the fluid network method is employed to solve for the flow paths within the heat-
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insulating space. This approach relies on hypotheses and computational principles related to fluid
networks, including flow rate, pressure drop, and loss calculation formulas for flow path nodes, as
referenced in [5-7].

The calculation of equivalent wind resistance in the fluid network is determined by solving for
the equivalent wind resistance, as given-in Eq. (1):

Z= p—i (D
24

where { denotes the drag coefficient; p is the density of the medium in the flow path, in kg/m?3;
A is the area of the characteristic cross-section of the flow path, in m?; Z represents the wind
resistance of each branch.

The fluid network method involves solving matrix Eq. (2) through network topology theory:

o e ®

where A is the node-branch association matrix; Q is the branch flow column vector; Qg is the
node source flow column vector; H is the node pressure column vector; D and C are constant matrices.
The matrix is initially populated with Qs and subsequently used to solve for Q@ and H. The velocity-is
calculated using the flow rate and the cross-sectional area.
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Fig. 2. Insulated space fluid network modeling.

Tab. 1 Calculation results of equivalent flow path.

. Equivalent Volume Reynolds number
o Equivalent Flow ) .
Number Position . L cross-sectional Flow at branch inflow
Resistance(N-s*/m®) ) 3
area(m”) Rate(m?/s) node
®-0 Inlet 1.124 1.15 11.80 50806.03(Z10)
Flange Through
@ g g 2.523 0.08 11.80 512688.30(Z18)
Hole
Through-hole
® outlet flow path 0.206 0.17 10.06 227861.47(Z14)
1
Through-hole
® outlet flow path 0.825 0.10 1.74 162758.19(Z22)
2
@ Outlet 2.183 0.11 11.73 274288.82(Z30)




Fig. 2 shows the structure of the heat-insulating space and the fluid flow direction with the main
wind paths and structural components labeled. Fig. 3 illustrates the fluid network model, where each
flow path in the cavity is represented by equivalent wind resistance through series-parallel
connections. The helium gas in the main helium fan is driven and circulated by the fan above the
driving motor, with the working chamber of the motor being a sealed structure. The inlet flow rate of
the insulated space is equivalent to the air volume of the driving fan (H1). The fan has a diameter of
1060 mm and rotates in sync with the motor at a speed of 1494 rad/min.

Tab. 1 shows the results of equivalent wind resistance and flow rate calculations for each branch and
the Reynolds number at the main nodes. The total inlet helium flow rate is 11.80m3 /s, which provides
boundary conditions for thermal simulation of insulated spaces.

2.2. Mathematical and physical modeling of insulated spaces

The fluid within the cavity exhibits turbulent flow, modeled using the widely accepted standard
k — & model for simulating turbulence. The transport equations for turbulent kinetic energy & and the
dissipation rate ¢ are specified in Eq. (3). Fluid flow and heat transfer in an insulated space adhere to
the laws of conservation of mass, momentum, and energy, as demonstrated in Eq. (4).
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where p is the fluid density (kg/m’); V is the fluid velocity vector (m/s); ¢ is the time (s); Gy is
the turbulence generation rate; |, is the turbulence viscosity coefficient; C;, and C,; are constants; and
o and o, are the turbulence Planck constants.
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where p denotes the fluid density (kg/m’), t is time (s); u, v, and w represent the velocity
components in the x, y, and z directions, respectively (m/s); and p is the pressure on the fluid
micrometabolite (Pa); Tk, Txy and Ty, denote the three components of the fluid internal stress tensor T
along the x, y and z directions at the surface of the micrometabolite due to the presence of
intermolecular viscous forces; Fy, Fy and F, are the micrometric volumetric force per unit mass of
fluid (N); 7 is the fluid temperature (K); ¢, is the specific heat capacity (J/(kgK)); K indicates the
fluid heat transfer coefficient (W/m”+K) and Sy is the fluid heat source.
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A three-dimensional physical model of the thermal insulation space is established as shown in
Fig. 4, with main structural dimensions presented in Tab. 2.
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Fig. 3 Three-dimensional physical modeling of insulated spaces.

Tab. 2 Main structural parameters

Main structure Inside radius (mm)  Outside radius (mm) Number of holes Radius of holes (mm)
Cavity wall 745 760 6 75
Flange 225 745 6 65
Inner heat-Insulation ring 670 800 -- -
Outer heat-Insulation ring 830 1050 -- -
Insulation flange 540 1250 -- -
Insulation gasket 185 1070 -- -

Fig. 5 (a) shows the simplified model of the insulated space, and Fig. 5 (b) displays the 1/6
mesh division of this simplified model. The fluid and solid domains used to solve the model are
highlighted in the figure. As demonstrated in Fig. 6, grid independence was verified to ensure that the
results do not vary with the number of grids used in the study, all meeting calculation requirements.
The maximum temperature values for sections b, ¢, and d are included in the figure, with the section
positions detailed in Fig. 8 of Section 2.3.1. For the calculations, helium is specified as the fluid
material, insulation cotton as the material for the insulation ring, and steel for other structures.

To accurately solve the thermal insulation space model and calculate the fluid and temperature
fields, the basic assumptions and boundary conditions of the solution domain are outlined as follows:

1) As indicated by Tab. 1, with a Reynolds number greater than 10,000, the model exhibits
turbulent flow within the calculation area.

2) Helium is considered an incompressible fluid and treated as steady-flowing.

3) The inlet location is defined as a velocity inlet boundary condition in Fig. 5(b), with an inlet
flow rate of 11.80 m3 /s and wind speed of 8 m/s, as provided by the fluid network results.

4) The outlet location is specified as a pressure outlet boundary condition with an ambient
pressure of 1 standard atmosphere in Fig. 5(b).

5) The insulated space is subjected to multiple heat sources and a high-temperature gradient
environment. Considering the operating condition of the drive motor, a low-temperature
heat source of 60[] is located at the inlet surface, while the high-temperature heat source is
within the fan cavity basin, set at 2500,



6) No-slip boundary conditions are assumed for the fluid-solid contact surfaces within the
solution domain.
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Fig. 5 Three dimensional simplified model of thermal
insulation space and solution domain mesh.
(a) Simplified model. (b) Solution domain and mesh.

2.3. Fluid field and temperature field calculation and analysis
2.3.1 Calculation and analysis of fluid fields in insulated spaces

Based on fluid mechanics calculation equations, the fluid distribution in the insulation space
was obtained. Figure 7 illustrates the flow field velocity cloud and trace distribution within the basin
of the insulated space. It is evident from the graph that helium enters from the inlet and reaches a
maximum speed of 233.7 m/s at the halfway-through hole. As the fluid flow paths are dispersed, the
fluid interactions in each path make the flow state of helium gas complex, forming vortices at
positions 1 and 2 in the figure and reducing the flow velocity.

To thoroughly analyze the distribution of fluid and temperature fields, cross-sections a (Y=-
0.10m), b (Y=-0.15m), ¢ (Y=-0.20m), d (Y=-0.25m), e (Y=-0.30m), and f have been delineated.
Cross-sections a, b, and ¢ represent the fluid domain cross-sections, while d and e represent the solid
domain, as illustrated in Fig. 8.

Fig. 9 displays the flow velocity distribution for axial data collection at section b, where the
maximum flow velocity occurs at 179.28 m/s directly below the through-hole. Due to the large
variation in fluid velocity, a vortex was formed at location 1. Meanwhile, influenced by the wall
structure, vortices are formed at locations 2 and 3. Vortex changes the fluid flow state, causing a
decrease in flow velocity.
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2.3.2  Calculation and analysis of temperature field in insulated spaces

Due to the special working environment of insulated spaces, there is thermal conduction
between solids in the insulated space. Helium gas undergoes convective heat transfer with solids
during the flow process, and solids undergo thermal radiation when heated at high temperatures in the
insulated space. This article considers three heat transfer modes: heat conduction, heat convection, and
heat radiation during the calculation. Based on the heat transfer control Eq. (5), the temperature field

of the insulated space was solved.
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where T denotes the temperature of the boundary surface of the object; qy indicates the sum of
each heat source in the solution domain; Ay, A, and A, represent the thermal conductivity coefficients
of various materials along the x, y and z directions, respectively; Sy is the boundary surface of the
thermostat; Ty is the temperature of the boundary surface of the thermostat; q; is the density of the

heat flow on the boundary surface S;; « is the surface heat dissipation coefficient; ¢ represents the
emission coefficient; and o is the Stefan-Boltzmann constant.
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Fig. 10 illustrates the overall temperature field distribution in the insulated space. The space is
influenced by the high temperature of helium gas in the fan chamber, with the highest temperature of
173.600 located at the insulation gasket and flange directly below the insulation ring in the solid
domain. As heat transfers upward, the temperature in the solid domain gradually decreases, and the
temperature in the helium basin remains generally low. The heat of high-temperature helium gas in the
fan chamber decreases significantly after passing through the insulation flange, and the temperature
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gradient on both sides of the insulation flange is large, which has a significant inhibitory effect on heat
transfer. The flow of helium gas through the flange’s through-hole increases the flow rate, enhancing
the heat dissipation effect. Consequently, the upper perforated flange serves to enhance and suppress

heat transfer. These two key components warrant focused study.

To examine the temperature distribution within the fluid domain of the insulated space in detail,
cross-section f, as shown in Fig. 8, is analyzed. This section is divided into four zones: A, B, C, and D,
where A, C, and D are fluid domains and B is a solid domain. As depicted in Fig. 11, most
temperatures in the basins do not exceed 62°C. However, it can be seen that the temperature gradient
is obvious, and the temperature difference in zone B can reach a maximum of about 90 [, which is not
conducive to the stability and sealing of the large flange.
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Fig. 12 Cross-sectional temperature clouds for two heat transfer cases.

(I) With forced convection heat transfer. (II) No forced convection heat transfer.

In order to study the heat transfer characteristics of insulated space, this paper controls different
heat transfer equations to explore the primary and secondary effects of heat transfer modes on the heat
insulation capacity of insulated space. This article calculates the temperature field of an insulated
space without forced convection heat transfer. A comparative analysis was conducted between the
temperature field without forced convection and the temperature field with forced convection (normal
operation of insulated spaces) mentioned earlier.

As shown in Fig. 12, Scenario (I) for the case with forced convection (normal operation of
insulated spaces), the maximum temperature of section b is 68.5°C, and the maximum temperature of
section d is 101°C; Scenario (II), where forced convection heat transfer is absent, generally shows
higher temperatures across the sections. Tab. 4 displays a comparison of the maximum and average
temperatures across the five cross-sections for the two heat transfer scenarios. It can be seen that
forced convection causes a decrease in the overall temperature of the insulation space. In addition, Fig.
12-(I) corresponds to positions 1, 2, and 3 indicated in Fig. 9. It can be seen that the fluid forms
vortices due to changes in flow velocity and the influence of wall surfaces. The vortices not only
change the fluid flow state, causing a decrease in flow velocity, but also lead to energy accumulation,
resulting in higher temperatures and poorer heat dissipation effects, indicating that these areas are
unfavorable vortices.

Tab. 3 Comparison of cross-section temperatures for two heat transfer cases.

a b c d e
Tonll) I 67.2 68.5 76.4 101.5 127.1
I 205.3 210.1 217.3 222.3 225.5
Tud) I 61.8 62.0 62.3 91.7 110.1
I 188.8 199.2 210.5 219.5 223.3

Combining Fig. 12 and Tab. 3, it can be seen that the temperature gradient in the insulated space
without forced convection is small, and the overall temperature is generally very high; the insulation
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space with forced convection participation has a large temperature gradient, and through forced
convection heat transfer, the temperature of the insulation flange drops significantly, which has a good
thermal suppression effect. Comparing the simulation results of two heat transfer scenarios, it was
found that thermal convection played an effective role in suppressing heat transfer from high-
temperature helium gas to the working chamber.

In conclusion, both thermal insulation materials and convective heat transfer play significant
roles in suppressing heat transfer. Enhancing the thermal suppression behavior of the insulated space
can be achieved by improving either aspect. Considering that improving the performance of insulation
materials may further cause uneven temperature distribution of insulation flanges, targeted
optimization strategies for spatial structures can be proposed by enhancing convective heat transfer in
the future.

2.4. Experimental validation of insulation space temperature calculation results

Through the analysis of fluid and temperature fields in the heat-insulating space, we established
the temperature distribution law within this space. To verify the accuracy of these calculations, we
gathered monitoring data from the insulated space during the operation of the main helium fan test

platform.
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Fig. 13 Main helium fan test platform monitoring. (a)High-temperature gas-cooled reactor
nuclear power plant demonstration project test platform. (b) Data acquisition line simulation. (c)
Schematic diagram and data results of the experimental platform monitoring.

b)

In Fig. 13(a), the test platform for the demonstration project of a high-temperature gas-cooled
reactor nuclear power plant, developed jointly by Huaneng Shandong Shidaowan Plant and Harbin
Electric Group Jiamusi Electric Company Limited, is shown. The testing environment replicated the
simulation conditions, with the initial temperature of the helium gas in the insulated space set at 60°C
and the operating pressure at 0.1 MPa, while ensuring the hermeticity of the experimental helium as
the medium. A heater was placed at the bottom of the test platform to simulate a high-temperature heat
source of 250°C, mimicking the high-temperature helium gas in the fan chamber. Fig. 13(b) illustrates
the schematic of the experimental platform monitoring system, which includes data results, with two
temperature measurement units (TE-Z23 and TE-Z24) located in the helium basin of the chamber and
three temperature measurement units (TE-Z246, TE-Z47, and TE-Z48) positioned on the insulation
flange. Fig. 13(c) displays the schematic diagram of the simulation data acquisition lines, identifying
the locations for simulation and test data acquisition, with 'l' marking the watershed temperature
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acquisition line and '2' the insulation flange temperature acquisition line, matching the test monitoring

locations. The experimental process is outlined in Fig. 14.
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Fig. 15 Comparison of experimental and

Fig. 14 Experimental flowchart. calculated results

The test results from the main helium fan test platform led to the exclusion of an interference
term with a large error (TE-Z48) from the test results. Fig. 15 shows the comparison between the
simulation calculations and the four experimental results obtained through monitoring. The x-axis
represents the horizontal direction and the y-axis the vertical direction, aligning with Fig. 13(c). "Test
result 1" and "Test result 2" are associated with test points TE-Z23 and TE-Z24, respectively, located
at y=300 mm. "Test result 3" and "Test result 4" correspond to test points TE-Z46 and TE-Z247,
respectively, located at x=1000mm. The vertical "Calculation result 1" represents the simulation data
acquisition line with a length of 200 mm, corresponding to the placement of the platinum resistor in
the helium basin of the chamber. The horizontal "Calculation result 2" shows the simulation data
acquisition line with a length of 300mm, corresponding to a platinum resistor placed at the heat
insulation flange. To minimize errors due to positional deviation, 10 data points were extracted
equidistantly along the acquisition line for averaging. The maximum error between the averaged
simulation data and the test values was about 2.8%, which falls within the acceptable range for
engineering calculations. These results validate the rationality of the simplified model presented in this
paper, confirming that the calculations are reliable and providing a solid foundation for further

research on thermal insulation space.
3. Space thermal equilibrium determination

To assess the same issue from various viewpoints, this article introduces a measurement
coefficient to evaluate the uniformity of temperature distribution using a common benchmark.
Additionally, for the thermal balance issue in insulated spaces with high temperature gradients, the
concept of temperature deviation triangles and temperature deviation coefficient angles is proposed to
assess temperature distribution uniformity.

As illustrated in Fig.16, T,y represents the average temperature of the insulation space; ATy
is the difference between the maximum temperature Ty, and the average temperature T,ye of the
insulation space; ATy, is the difference between the minimum temperature Tp,;, and the average
temperature Tyye; ATimax 1S the difference between the maximum temperature Ty, and the average

temperature T,ye of the ith axial section, while ATjy;, is the difference between the minimum
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temperature T, and the average temperature T,y of the ith axial section. 8p,,% 1 defined as the
maximum temperature deviation coefficient angle, 8, as the minimum temperature deviation
coefficient angle, 0. as the maximum temperature deviation coefficient angle of the ith axial cross-
section, B;min as the minimum temperature deviation coefficient angle of the ith axial cross-section,

and A6 as the range of the temperature deviation coefficient angle.

F 3
y T -T AT
emax = arctan max___ave — arctan max
ave ave
AT L AT .
AT 0., = arctan——== = arctan —=
g - fane e (6)
| A >
TiminT T - T AT
] A Thin eimax = arctan ——= € = arctan [max
'S e e
=T T
. . , 0. ... = arctan ——== = arctan —=
Fig. 16 Temperature deviation triangle.
ave ave

The relation between the deviation coefficient angle and temperature is presented in Equation
(6). From the temperature deviation coefficient angle given in Eq.(6) and the temperature deviation
triangle seen in Fig. 16, it is evident that a smaller 6 deviation coefficient angle indicates that the
helium basin temperature is closer to the insulation space's average value, signifying a more uniform

temperature distribution.
4. Study of factors influencing temperature distribution in insulated spaces

The working pressure in insulated spaces can reach as high as 7 MPa, and changes in pressure
significantly affect heat transfer [14]. Consequently, understanding the thermal distribution in
insulated spaces requires considering the effects of pressure. The flange through-hole is the sole path
for helium to enter the chamber within the insulated space, and its structural design directly influences
the fluid flow characteristics and, thus, the thermal distribution in the space. Therefore, this article
selects pressure and through-hole structure as variables for studying the temperature distribution and
thermal equilibrium performance. Furthermore, since the insulation flange serves as a connecting
structure feature in the thermal insulation space, it is noted that the high temperature gradient at the
insulation flange, as discussed in section 2.3.2, can generate substantial local stress and potentially
lead to structural damage. Thus, the critical cross-section d of the insulation flange, characterized by a
high-temperature gradient, is chosen as the focus for research. Observations and analyses emphasize
the temperature changes and thermal equilibrium of the cross-section under varying conditions, where
thermal equilibrium is determined by the temperature deviation angle coefficient. All calculations are
performed using the 3D physical model of the insulated space described in Chapter 2.

4.1. Effect of different pressures on the temperature of an insulated space

To explore how different pressures affect the temperature within an insulated space, we
examined eight distinct pressure environments: 0.1 MPa, 0.3 MPa, 0.5 MPa, 0.7 MPa, 1 MPa, 3 MPa,
5 MPa, and 7 MPa. We applied the single-variable method to analyze temperature changes and
thermal equilibrium at cross-section d under these varying pressures.

The effect of Fig.17 (a) illustrates the temperature at section d under different pressures,
showing that the overall temperature decreases as pressure increases. This decrease occurs because the
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helium's density per unit volume increases with pressure, enhancing its heat transfer efficiency and
dissipative effect, thereby lowering the temperature of the insulated space. This relationship suggests
that the impact of pressure on heat transfer is inversely proportional. Additionally, once the pressure
reaches a certain level, the helium's density stabilizes, and further increases in pressure do not
significantly affect the heat transfer.
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Fig. 17 The variation of 7 and A0 in cross-section d under different pressures.

(a) The variation of 7. (b) The variation of AG.

Fig. 17 (b) displays the temperature deviation angle at cross-section d under different pressures.
As pressure increases, the deviation angle range A# initially increases and then decreases, reaching its
minimum of 18.04° at 7 MPa, indicating optimal thermal equilibrium.

4.2. Different through-hole apertures on the temperature of insulated spaces

To assess the impact of aperture sizes on the temperature within an insulated space, we selected
five structures with a through-hole radius of 55 mm, 60 mm, 65 mm (original model), 70 mm, and 75
mm to calculate and analyze temperature changes and thermal equilibrium at section d.

Tab. 4 presents the temperatures at cross-section d under various aperture sizes, showing that
the maximum and average temperatures initially decrease and then increase as the aperture radius
enlarges, while the minimum temperature consistently rises. A smaller aperture restricts the flow path,
resulting in a higher helium flow rate, less efficient heat transfer, and higher temperatures at the cross-
section. Conversely, a larger aperture increases the flow path's cross-sectional area, reducing helium
flow velocity, the Nusselt number, and the heat transfer coefficient, thus elevating the temperature. Fig.
18 (a) demonstrates that with the enlargement of aperture size, the temperature deviation angle A0

gradually decreases, suggesting an improvement in thermal equilibrium.

Tab. 4 Section d temperature under different aperture sizes

R(mm) Tinax (1) Tmin (1) Tave (1)
55 95.97 65.55 87.23
60 96.04 66.17 87.56
65 94.43 66.50 86.23
70 95.83 67.38 87.90
75 96.03 67.54 88.26

4.3. Effect of different numbers of through-holes on the temperature of insulated spaces

To investigate how the number of through-holes in the flange plate influences the temperature

within an insulated space, we varied the number of holes while maintaining a constant radius of 65
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mm, based on the original model's structure. We analyzed temperature changes and thermal
equilibrium at section d with 2, 4, 8, and 10 holes.

Tab. 5 displays the temperature of cross-section d under varying numbers of holes, showing that
the maximum temperature value initially decreases and then increases with an increase in the number
of holes, while the average and minimum temperatures gradually rise. The alteration in the number of
holes indirectly changes the cross-sectional size of the flow path and also modifies the fluid flow path,
which means the number of holes and the pore size each uniquely affect the temperature changes. Fig.
18 (b) illustrates that with an increase in the number of holes, the temperature deviation angle A8

gradually decreases, indicating an improvement in thermal equilibrium.

Tab. 5 Section d deviation angle at different hole numbers

Number of holes Trnax () Tnin (1) Tove (0)
2 96.54 61.37 85.56
4 95.31 62.99 85.58
6 94.43 66.50 86.23
8 95.11 68.37 87.55
10 96.64 76.73 89.48
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Fig. 18 Changes in A at the section d under different conditions.
(a) Different apertures. (b) Different number of holes.

5. Response surface-based optimization of through-hole structures

Following the analysis of factors affecting temperature distribution in the insulated space, this
paper employs the Response Surface Method (RSM) Error! Reference source not found. to analyze
the highest temperature and thermal equilibrium response variables at cross-section d, with pore size
and number of holes as variables, to determine the optimal through-hole structure.

Tab. 6 The CCD Design Matrix

Run A B A0 (°) Trnax (C)
1 6 75 18.24 96.03
2 2 65 23.10 96.54
3 6 55 19.68 95.97
4 6 65 18.32 94.43
5 6 65 18.32 94.43
6 8 70 16.16 92.97
7 6 65 18.32 94.43
8 4 60 19.55 91.99
9 8 60 17.29 93.04
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10 4 70 18.68 92.15
11 10 65 12.69 96.64

Tab. 6 details the Ty, and A8 responses for different pore sizes and hole counts, where A

represents the number of holes and B the radius of the hole.

Additionally, the second-order regression equations for the response are shown in equations (7)
and (8).

A6 =18.13-2.13 x 4-0.4061x B-0.0624 x AB-0.0949 x 4>+0.1719 x B (7)
T =93.24+0.1742x A+0.0185x B-0.0559 x AB+0.6146x A” +0.04669 x B> (8)

Fig. 19 illustrates the A8 and T}, ,x response surface models, and the optimization objectives are
further analyzed by combining the response surface results. When the number of holes is 7 and the
hole radius is 66 mm, the minimum value of Ty,,x is 93.68°C, and the minimum value of A8 reaches
16.50°.

Fig. 20 displays the flow velocity distribution in the optimized cross-section b. The figures
reveal that the situation of eddy currents has also improved post-optimization compared to what is
shown in Fig. 9.

m/s

160.00 =
148.73
137.46
126.19
114.91
103.64
92.37
81.10
69.83
58.56
47.29
36.01
24.74

13.47
290

(b)

Fig. 19 Response surface model of cross-section d. (a) A@ Fig. 20 Optimized flow velocity
response surface model. (b) Ty, response surface model.  distribution in the rear section b.

Tab. 7 compares the results of the original model, the predicted model, and the actual model.
The percentage errors of the responses Ty,.x and A8 were 3.20% and 0.86%, respectively, well within
acceptable limits. The comparison demonstrates that after optimization, the maximum temperature
decreases by 4.00% and the deviation angle range by 9.12%, signifying enhanced thermal suppression
and balance in the insulated space.

Tab. 7 Validation test of RSM optimize results

Response Origin Predicte Actua %Erro %Optimizati
al d 1 T on
Tmax (O 94.43 93.68 90.66 3.20 4.00(4)
Af (°) 18.32 16.50 16.65 0.86 9.12(4)

6. Conclusion

In this paper, we have studied the thermal inhibition behavior and influencing factors of the
thermal insulation space in high-temperature gas-cooled reactors. The following conclusions have
been drawn:
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(1) We utilized a combination of fluid network and flow-heat coupling models to study the flow-
heat dynamics and thermal suppression behavior of the thermal insulation space. The three heat
transfer modes of heat conduction, heat convection, and heat radiation coexist in an insulated space.
During the heat transfer process, the key structural components of the insulated space, such as the
insulation flange and forced convection heat transfer, can all play a role in heat suppression. The
temperature results from both calculation and experiment show an error of less than 3%, validating the
effectiveness of the simplified model of the thermal insulation space. These findings not only provide
a theoretical basis for the application of thermal insulation in engineering but also lay the groundwork
for enhancing the operational functionality of these spaces.

(2) This article proposes a method for determining thermal equilibrium parameters based on the
spatial relationship of temperature parameters, which improves the comparative efficiency of
temperature distribution in insulation spaces. By examining the nonlinear mapping relationship
between environmental variables, structural parameters, and judgment parameters, it was observed that
at the critical flange section d, higher ambient pressure corresponds to lower temperatures. The
optimal thermal equilibrium performance was noted at an angular coefficient of deviation of 18.04°at
7 MPa. Additionally, variations in the number and size of holes significantly impact both the
temperature and thermal equilibrium of the insulation space. These findings offer guidance for
optimizing thermal insulation spaces, and the thermal parameter evaluation method is broadly
applicable across various engineering fields.

(3) Through the application of the response surface method, the optimal configuration was found
to include 7 through-holes with a radius of 66 mm each. Post-optimization, the maximum temperature
in the watershed of the thermal insulation space decreased by 4.00%, and the range of deviation angles
was reduced by 9.12%. The errors between the optimization results and finite element results were
within acceptable limits. Structural optimization enhanced the thermal suppression capabilities of the
insulated space, effectively improving the helium vortex situation in the previous cavity and
strengthening both thermal balance and the overall thermal suppression function of the insulation
space. This, in turn, improves the service capability of the drive motor.
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