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Èññëåäîâàíèå òåìïåðàòóðíîãî íàïðÿæåíèÿ êåðàìè÷åñêîãî ñîòîâîãî
ðåãåíåðàòîðà ñ ðàçëè÷íûìè ïàðàìåòðàìè

ß. Âàíãà, Ì. Äîíãà, Õ. Ã. Ëèá, É. Ê. Ëèóà,1, Ê. Õ. Øàíãà

à Ôàêóëüòåò ïðîåêòèðîâàíèÿ äîðîã è òðàíñïîðòíûõ ñðåäñòâ, Øàíüäóíñêèé óíèâåðñèòåò òåõíî-

ëîãèé, Öçûáî, Êèòàé

á Ôàêóëüòåò ýëåêòðîìàøèíîñòðîåíèÿ è ýëåêòðîíèêè, Öçûáîñêèé ïðîôåññèîíàëüíûé èíñòèòóò,

Öçûáî, Êèòàé

Ïðè ðàáîòå ÿäåðíîãî ðåâåðñ-ïîòî÷íîãî ðåàêòîðà êåðàìè÷åñêèå ñîòîâûå ðåãåíåðàòîðû ïîä-

âåðãàþòñÿ äåéñòâèþ òåðìîóäàðíîé íàãðóçêè. Ñ ïîìîùüþ ïðîãðàììíîãî îáåñïå÷åíèÿ CFX

ïðîâåäåíî ÷èñëåííîå ìîäåëèðîâàíèå ýïþð òåìïåðàòóðû è òåìïåðàòóðíîãî íàïðÿæåíèÿ êåðà-

ìè÷åñêèõ ñîòîâûõ ðåãåíåðàòîðîâ. Èññëåäîâàíî èçìåíåíèå òåìïåðàòóð âî âðåìåíè äëÿ êåðà-

ìè÷åñêèõ ñîòîâûõ ðåãåíåðàòîðîâ ñ îòâåðñòèÿìè ðàçëè÷íîé ôîðìû. Ïðîàíàëèçèðîâàíû

ýïþðû òåìïåðàòóðíîãî íàïðÿæåíèÿ ðåãåíåðàòîðîâ ñ ðàçíûìè êîíñòðóêöèîííûìè è ýêñïëóà-

òàöèîííûìè ïàðàìåòðàìè. Óñòàíîâëåíî, ÷òî òåìïåðàòóðíîå íàïðÿæåíèå êåðàìè÷åñêîãî

ñîòîâîãî ðåãåíåðàòîðà çàâèñèò îò ôîðìû îòâåðñòèé, ïîðèñòîñòè è òîëùèíû ñòåíîê.

Ðåçóëüòàòû äàííîãî èññëåäîâàíèÿ ñëóæàò òåîðåòè÷åñêîé áàçîé äëÿ îïòèìèçàöèè êåðàìè-

÷åñêèõ ñîòîâûõ ðåãåíåðàòîðîâ.

Êëþ÷åâûå ñëîâà: êåðàìè÷åñêèé ñîòîâûé ðåãåíåðàòîð, ÷èñëåííîå ìîäåëèðîâàíèå,

òåìïåðàòóðà, òåìïåðàòóðíîå íàïðÿæåíèå.

Introduction. Thermal flow-reversal reactor (TFRR) technology is an effective

technology widely applied to greenhouse gas elimination and heat recovery from ventilation

air methane (VAM) of coal mines [1–5]. This technology is based on flow-reversal

principle. The heat of combustion is first transferred to a solid medium and then the

incoming air, in order to raise its temperature to the ignition temperature of methane. The

solid medium usually consists of a number of honeycomb ceramics. In TFRR operations,

honeycomb ceramic regenerators are exposed to thermal shock load, making their thermal

shock resistance very critical.

Domestic and foreign scholars who studied honeycomb ceramic regenerators mainly

focused on the heat transfer characteristics [6, 7] and paid little attention to thermal shock

resistance of them [8]. Nevertheless, thermal shock resistance is one of the main factors that

control the service life of regenerators. Ou et al. [9] performed a numerical study on the

stress variation pattern at the cellular hole wall surface of honeycomb ceramic regenerators,

and found that frequent switching over between heat accumulation and release processes

will subject the cellular hole wall to tension and extrusion stresses alternately. This finding
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was also confirmed by later research [10]. Thermal shock capability of regenerators

depends on internal thermal stress, which is influenced by the geometric structure and

environmental media [11–13]. Relationship between the geometric properties of regenerators

(holes, porosity and thickness) and thermal stress is studied in this paper.

1. Temperature Distribution of Regenerators.

1.1. Geometric Parameters of Calculation Model. A mullite regenerator was taken as

the study object. Through numerical simulation, the temperature and thermal stress

distributions of honeycomb ceramics were studied. Table 1 lists the structural parameters of

the regenerators used in the paper. In order to establish a simplified mathematical model,

widths and heights of the regenerators were reduced proportionally. Figure 1 shows the 3D

physical model of a typical heat regenerator.

1.2. Mathematical Model. In order to establish the mathematical heat transfer model

of honeycomb regenerators, following assumptions were made.

(i) The radiation of smoke and air in the channels is ignored, while convective heat

transfer is considered.

(ii) The physical properties of the gas are as same as those of air.

(iii) All physical and thermal parameters of the solid material and gas do not change

with temperature.

(iv) Temperatures of hot and cold gas are consistent and stable at the entrance, and do

not change with time.
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T a b l e 1

Structural Parameters of Regenerators

Serial

number

Hole

pattern

Wall thickness

(mm)

Length

(mm)

Porosity

1# Square 0.7 3.0 0.64

2# Square 1.0 3.1 0.57

3# Square 1.0 2.5 0.51

4# Hexagon 1.2 2.17 0.57

5# Round 1.0 4.0 0.64

6# Round 1.3 4.0 0.57

7# Round 1.8 4.5 0.51

Fig. 1. Physical model of heat regenerator.



The equations are as follows:
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where � is gas density, t is time,
�

U is gas velocity vector, � is gas dynamic viscosity,

P is pressure, 	 is the thermal conductivity of gas, T is the temperature, cp is the heat

capacity, � is the dissipative function, �a is the solid density, 	 a is the thermal

conductivity of solid, and cpa is the specific heat of solids.

1.3. Boundary Conditions. A regenerating cycle includes heat storing and releasing.

During the two stages, velocity at inlet entrance is set as boundary, and exit is set as

pressure outlet. Inlet temperatures of the flue gas and the incoming air are 1000 and 27�C,

respectively, with the apparent velocity of 0.6 m/s. Switching time is 60 seconds, thus each

cycle is 120 s. The initial value of: temperature is 27�C, while velocity and pressure were

assumed to attain the initial zero values. The outer surfaces of solid walls are supposed to

be adiabatic, while the contact interfaces of the regenerator and gas are treated as the

fluid-structure interaction boundary.

1.4. Calculation Results and Discussion. In this section, regenerators 2#, 4#, and 6#

in Table 1 with porosity of 0.57 are selected. During calculation, three points (the middle

one and two edges of the regenerators) are chosen, while the average temperature of them

is taken as the temperature of the regenerator.

Figure 2 presents the temperature variation of the selected regenerators with time. It

can be seen the temperature change of the hexagon-hole regenerator is more intense than

that of the square-hole one, while the round-hole regenerator has the mildest temperature

change. Temperature of all regenerators with holes of three different shapes decreases with

time, while the temperature difference between them also decreases gradually. At the

beginning, the temperature difference between the hexagon- and square-hole regenerators is

around 40�C, whereas the respective difference between the hexagon- and round-hole

regenerators is 150�C.

2. Stress Analyses for Honeycomb Ceramic Regenerators. Based on Fluid Structure

Interaction theory, CFX software was employed to calculate the regenerators’ thermal

stresses. Stress distributions of regenerators with different shapes, porosities and wall

thicknesses are studied. Table 2 lists the physical parameters of mullite regenerators.

2.1. Stress Analysis with Different Structural Parameters.

2.1.1. Stress Analysis of Regenerators with Holes of Different Shapes. Figure 3

presents the stress distribution curves of regenerators with holes of three different shapes. It

can be seen that the stress distributions are similar along the length direction. The stresses

are greater at the front of the regenerators, and reduce gradually along the length direction,

but increase significantly at flue gas outlet. At the ends of the regenerators, thermal stresses

are greater and the greatest thermal stresses appear in the high-temperature area.
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Comparing of the stress distributions of the three regenerators, thermal stress of the

hexagon-hole regenerator is the greatest, and that of the round-hole regenerator is the

smallest. The reason is that with the same porosity and sectional area, hexagon-hole

regenerator has the least holes and the highest rate of flow, thus a large temperature

difference lead to the highest heat stress. On the other hand, the round-hole regenerator has

the greatest number of holes and the lowest thermal stress. This indicates that temperature

is the main reason causing thermal stress.

Overall consideration of the heat transfer and thermal shock resistance of the

regenerators, square-hole regenerator is more appropriate. To avoid stress concentration

caused by the right angle, an arc square hole is designed [15].

2.1.2. Stress Analysis of Regenerators with Different Porosities. Two groups of

regenerators are chosen for calculation. The first group consists of the 1#, 2#, and 3#

square-hole regenerators in Table 1, and the other consists of the 5#, 6#, and 7# round-hole
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T a b l e 2

Physical Parameters of Mullite Regenerators [14]

Expansion coefficient

(� �� �10 6 1, C )

Elastic modulus

(MPa)

Density

(g/cm3)

Coefficient of thermal

conductivity

[W m K( )� ]

3.18 128000 2.79 1.68

Fig. 2. Temperature distribution of regenerators.

Fig. 3 Fig. 4

Fig. 3. Stress disributions of regenerators with holes of three different shapes.

Fig. 4. Stress disributions of square-hole regenerators with different porosities.



regenerators. Figures 4 and 5 present the stress distributions of the two groups of

regenerators.

As shown in the above two figures, thermal stress increases with porosity. The reason

is that the larger the porosity, the stronger the gas liquidity in regenerator channels.

Therefore, larger thermal shock is caused by intense temperature changes. Under the

premise of ensuring the shock stability of regenerator structures, porosity should be

increased as far as possible in the design.

2.1.3. Stress Analysis of Regenerators with Different Wall Thicknesses. For this

analysis, regenerator 2# in Table 1 is selected. Its thermal stress is analyzed with the wall

thickness being 0.7, 1.0, and 1.5 mm, respectively. The stress distribution curves at

different wall thicknesses are illustrated in Fig. 6. It can be seen that the stress decreases

with the increase of wall thickness. That means the bigger the wall thickness, the better the

thermal shock resistance. Yang Gao [16] suggested that the optimal wall thickness is

between 0.5 and 1.0 mm considering the heat transfer and resistance of regenerators. In

conclusion, wall thickness should be designed with stress, heat transfer and resistance taken

into consideration.

2.2. Stress Analysis with Different Operational Parameters.

2.2.1. Stress Analysis with Different Inlet Velocities. Regenerator 2# in Table 1 is

chosen for the study of the influence of inlet velocity. Table 3 lists the three different inlet

conditions applied to the regenerator.

Stress distributions of the regenerator along the length direction at different velocities

are as shown in Fig. 7. It can be seen that the stress increases with velocity. Velocity

influences the thermal stress of regenerators mainly through two factors. One is the heat

transfer intensity between honeycomb regenerator and gas, and the other is the movement

speed in the temperature field. Both heat transfer intensity and movement speed increase

with the velocity. Thus, greater thermal shock is caused by intense temperature change. The

higher the velocity, the greater the thermal stress.
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Fig. 5 Fig. 6

Fig. 5. Stress disributions of round-hole regenerators with different porosities.

Fig. 6. Stress disributions of regenerators with different wall thickness values.

T a b l e 3

Working Conditions

Working condition Inlet gas velocity (m/s) Range of temperature (�C)

1

2

3

0.6

0.9

1.2

973

973

973



Gas velocity not only influencstress of regenerator but also plays a certain role in

temperature efficiency and resistance loss of regenerators. With the decrease in velocity, the

temperature efficiency will increase, while the resistance loss will decrease. In such

conditions, the velocity should be set as low as possible in practice. However, in order to

keep sufficient supply of gas, larger cross-sectional area is required for lower inlet velocity,

while a larger cross-sectional area implies increases in the volume of regenerator and

higher installation and maintenance costs. Therefore, the minimum gas inlet velocity should

be limited for the actual situations considered.

2.2.2. Stress Analysis with Different Switching Times. Regenerator 2# is selected for

the analysis of the effects of different switching times in a cycle on the regenerator’s

thermal stress. With the same entry conditions and temperature, switching time is set to 60,

90, and 120 s, respectively. Figure 8 presents the stress distributions in situations with

different switching times.

As shown in Fig. 8, switching time has a feeble influence on the thermal stress. Even

at the ends of the regenerator, stress variation with switching time is not obvious.

Conclusions. This paper presents a numerical study on the thermal stress distribution

of honeycomb ceramic regenerators with different parameters. The following findings were

obtained.

1. Temperature variation of the hexagon-hole regenerator is the most intense, followed

by the square-hole regenerator, and that of the round-hole regenerator is the mildest.

2. With the same cross-sectional area, porosity and inlet condition, the hexagon-hole

honeycomb ceramic regenerator has the greatest thermal stress, and the round-hole

regenerator has the smallest. The stress increases with the increase of porosity, and

decreases with the increase of wall thickness.

3.Thermal stress of regenerators increases with the increase of gas inlet velocity.

Switching time has a feeble influence on the thermal stress.
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Ð å ç þ ì å

Ïðè ðîáîò³ ÿäåðíîãî ðåâåðñ-ïîòîêîâîãî ðåàêòîðà êåðàì³÷í³ ñò³ëüíèêîâ³ ðåãåíåðàòîðè

çàçíàþòü ä³¿ òåðìîóäàðíîãî íàâàíòàæåííÿ. Çà äîïîìîãîþ ïðîãðàìíîãî çàáåçïå÷åííÿ

ÑFX ïðîâåäåíî ÷èñåëüíå ìîäåëþâàííÿ åïþð òåìïåðàòóðè ³ òåìïåðàòóðíîãî íàïðó-

æåííÿ êåðàì³÷íèõ ñò³ëüíèêîâèõ ðåãåíåðàòîð³â. Äîñë³äæåíî çì³íó òåìïåðàòóð ó ÷àñ³

äëÿ êåðàì³÷íèõ ñò³ëüíèêîâèõ ðåãåíåðàòîð³â ç îòâîðàìè ð³çíî¿ ôîðìè. Ïðîàíàë³-

çîâàíî åïþðè òåìïåðàòóðíîãî íàïðóæåííÿ ðåãåíåðàòîð³â ³ç ð³çíèìè êîíñòðóêö³éíèìè

Y. X. Wang, M. Dong, H. Y. Li, et al.

Fig. 7. Stress disributions at different velocities.

Fig. 8. Stress disributions for different switching times.

Fig. 7 Fig. 8
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é åêñïëóàòàö³éíèìè ïàðàìåòðàìè. Óñòàíîâëåíî, ùî òåìïåðàòóðíå íàïðóæåííÿ êåðà-

ì³÷íîãî ñò³ëüíèêîâîãî ðåãåíåðàòîðà çàëåæèòü â³ä ôîðìè îòâîðó, ïîðèñòîñò³ ³ òîâùè-

íè ñò³íîê. Ðåçóëüòàòè äàíîãî äîñë³äæåííÿ º òåîðåòè÷íîþ áàçîþ äëÿ îïòèì³çàö³¿

êåðàì³÷íèõ ñò³ëüíèêîâèõ ðåãåíåðàòîð³â.
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