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ABSTRACT

The aim is to understand the thermal storage characteristics of porous media thermal storage materials under ther-
mal dynamic conditions, and obtain the dynamic thermal storage characteristics parameters of thermal storage materials.
In the 120 kW thermal dynamic thermal storage system of porous media, we studied the dynamic thermal storage char-
acteristics of honeycomb porous ceramic thermal storage materials with different pore diameters (2.9, 4, 5.5 mm) and
lengths (100-400 mm) under different hot flue gas conditions include thermal storage rate, thermal storage efficiency
and storage. The results show that the relationship between the heat storage rate and time is parabolic, and the heat
storage efficiency gradually decreases with the heat storage time. At the same time, the regenerative rate and unit re-
generative resistance loss increase with the increase of specific surface area or the decrease of pore diameter of regener-
ator, and the regenerative efficiency increases with the increase of regenerator length. According to the experimental
research and analysis, the dynamic heat storage characteristics of porous regenerator can be characterized by heat stor-
age rate, heat storage efficiency and unit heat storage resistance loss.
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1. Introduction

High-temperature air combustion technology can recover waste
heat from flue gas and preheat combustion air efficiently, which has the
dual advantages of greatly saving energy and reducing emission of NO
and other pollutants in flue gast*. Porous media, including honeycomb
ceramic regenerator, is widely used in air combustion technology under
high temperature because of its excellent thermophysical properties,
chemical properties, economic properties, mechanical properties and
thermal shock resistance. Its internal heat exchange performance and
resistance characteristics determine the overall performance of waste
heat recovery system and affect the design of heat storage system®®,

Gas-solid heat transfer characteristics in regenerator are important
thermal properties of regenerator. Yuan et al.'”® and Srikanth et al.*4!
analyzed and summarized the gas-solid heat transfer characteristics in-
side the regenerator, and pointed out that the heat flow rate, heat trans-
fer area and structure of high-temperature air flow are all important pa-
rameters that affect the heat storage performance. The experimental
conclusion shows that the average convective heat transfer coefficient
of porous honeycomb regenerator increases with the increase of
high-temperature gas flow rate and the decrease of pore size. Some re-
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searchers also use temperature efficiency (the ratio
of actual flue gas heat release to theoretical maxi-
mum heat release)*>*"! and heat recovery rate (the
ratio of actual flue gas heat absorbed by heat stor-
age system to theoretical maximum flue gas heat
absorbed)®*°! to characterize heat storage. The
study shows that both of the efficiencies increase
with the increase of the length of the regenerator.
Other researchers!?®?! defined the ratio of heat
stored by the regenerator to resistance loss as the
thermal performance index, which represents the
heat stored by the regenerator under the condition
of unit resistance loss.

In the above experimental study, the gas-solid
convective heat transfer coefficient and heat storage
efficiency in the regenerator are taken as the pa-
rameters to measure the heat storage performance,
and the average heat storage of the regenerator in a
period of time is studied. Whether these parameters
can fully represent the thermal storage characteris-
tics in the design and operation of large thermal
storage system, and how the related parameters
change dynamically with time, all these problems
need further study.

In this paper, the dynamic thermal storage
test of porous media honeycomb ceramics with
different structures is carried out in the thermal
storage test system of 120 kW power, and the
dynamic thermal storage characteristics of the
regenerator are studied. The thermal storage rate,
thermal storage efficiency and specific thermal
storage resistance loss are defined as the thermal
storage characteristic parameters, which can pro-
vide guidance for the industrial design and opera-
tion of the porous media thermal storage system.

2. Experiment and method

As shown in Figure 1, the porous medium
dynamic heat storage test system mainly consists of
a combustion engine, a high-temperature flue gas
mixing chamber, a porous medium heat storage test
chamber, an induced draft fan, a water cooling sys-
tem and a test system.

The high-temperature flue gas of porous me-
dium dynamic thermal storage system is provid-
ed by diesel combustion engine, and the designed

thermal power is 120 kKW. In order to stabilize the
flow rate of high-temperature flue gas entering the
porous medium thermal storage test device, a
high-temperature flue gas mixing chamber is set in
front of the thermal storage test device, which is
made of Castable. Three K-type thermocouples are
arranged in the mixing chamber along the central
axis to measure the temperature distribution in the
furnace. In order to observe the combustion flame
conveniently, two Shi Ying glass observation win-
dows are set in the middle of the side of the mixing
chamber.
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Figure 1. Schematic diagram of dynamic thermal storage test
system for porous media.

The heat storage material is placed in the po-
rous medium heat storage test room, and its front
view and side view are shown in Figure 2.

Porous medium regenerator is made of Casta-
ble, and thick silicic acid insulation cotton is laid
outside to reduce heat dissipation. The regenerative
chamber is 600 mm in length and 200 mm x 200
mm in cross section, and each cross section can
discharge 4 pieces of porous medium honeycomb
ceramic regenerative bodies of 100 mm x 100 mm
x 100 mm (see Figure 2).

A total of 10 K-type thermocouples are ar-
ranged in the regenerator, in which Ta-Te thermo-
couples extend into the regenerator wall to measure
the temperature of the regenerator wall. T4-T8
thermocouples extend into the center of the section
of the regenerative chamber, and measure the tem-
perature at the center of the regenerator, with each
thermocouple spaced 100 mm apart.

During the test, eight heat accumulators at the
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inlet and outlet of the heat accumulator chamber
were kept unchanged, which were used as rectifying
heat accumulators to study the heat storage charac-
teristics of the middle heat accumulator. Adjust the
axial length of the regenerator by changing the
number of discharge blocks of the regenerator.
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Ta-Te [ © 59
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(b) Side view of regenerative chamber
Figure 2. Main drawing of regenerative chamber.

Pressure measuring points are set at the inlet
and outlet of the regenerator, and the resistance loss
in the regenerator is measured by connecting a dif-

ferential pressure transmitter with a hose. All ther-
mocouple signals and pressure signals in the test are
connected with the computer through the data ac-
quisition instrument, and the data are automatically
collected every 5 s and displayed and stored in real
time. Flue gas flow is measured by vortex flowme-
ter. Before each test, the regenerator is at room
temperature.

The combustion of medium and diesel
oil burners produces high-temperature flue gas,
which enters the heat storage test device after being
stabilized in the mixing chamber, and heats and
stores heat in the porous medium honeycomb ce-
ramic heat storage device. The experimental power
of the burner is 60 kW, 72 kW and 84 kW respec-
tively, and the corresponding flue gas mass flow
rates are 89 kg/h, 107 kg/h and 125 kg/h, respec-
tively. Three kinds of porous honeycomb ceramic
regenerators with the same material and different
geometric structures were used in the test, all of
which have hexagonal pass, with structural param-
eters as shown in Table 1 and test conditions as
shown in Table 2.

Table 1. Structural parameters of honeycomb ceramic regenerator

Accumulator number No.1 No.2 No.3

Pass Hexagonal Hexagonal Hexagonal
Material mullite mullite mullite
Wall thickness/mm 1.4 0.9 0.8
Aperture/mm 55 4 2.9
Specific surface area/m?m- 462 666 847

\oid ratio (g) 0.63 0.66 0.61
Density/kg-m 1,169.2 1,074.4 1,232.4

Table 2. Test conditions

Flue gas Heat accumulator Heat accumulator
flow/kg-ht length/mm
89 No.1 400
No.2 400
No.3 400
107 No.1 400
No.2 400
No.3 400
125 No.1 400
No.2 400
No.3 400
107 No.1 300
107 No.1 200
107 No.1 100

3. Experimental results and dis-

cussion

3.1 Dynamic temperature distribution of
porous regenerator

Figure 3 shows the dynamic distribution of the
average temperature of the regenerator in the pro-
cess of heat storage under different working condi-
tions. Is the weighted average temperature of each
temperature point in the temperature regenerator.

As can be seen from Figure 3, with the pro-
gress of the heat storage process, the internal tem-
perature of the regenerator rises and gradually sta-
bilizes. When the mass flow rate of flue gas is
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constant, the temperature difference of regenerator
with different structures is not significant. When the
flue gas flow rate is 125 kg/h, the regenerator tem-
perature reaches 600 K in about 600 s, and when
the flue gas flow rate is 107 kg/h, the regenerator
temperature reaches about 800 s at 600 K and 89
kg/h, it reaches this temperature around 1200 s. The
larger the flue gas flow rate, the shorter the time it
takes for the regenerator to reach the same temper-
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ature, which is consistent with the research results
of Srikanth and Assunta et al.l'®*!. The reason is
that the larger the gas heat flow rate, the larger the
flow velocity in the flue gas hole, the more intense
the convective heat transfer between gas and solid,
the better the heat transfer effect, and the shorter the
time for solid to approach the temperature of gas
flow.
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Figure 3. Dynamic temperature distribution of heat accumulator under different working conditions.

3.2 Dynamic flow characteristics of flue gas
in porous regenerator

In the process of heating the regenerator with
high temperature flue gas, the velocity of flue gas
flowing through the regenerator changes dynami-
cally due to the dynamic change of the regenerator
temperature. The velocity in the high temperature
flue gas hole can be calculated by formula (1).

p=1v
Ay
1)

Where: q, is the gas flow rate, measured by
the flowmeter in real time, m%s: A is the
cross-sectional area of the regenerator, which is
0.04 m? in this paper; ¢ is the porosity of the regen-
erator.

Figure 4 shows the relationship between the
velocity of flue gas in the hole and time under dif-
ferent working conditions. In the initial stage of
heat storage, the increase of the temperature inside
the regenerator causes the volume expansion of flue
gas flowing through it, which in turn increases the
flow velocity in the hole, and then the temperature
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of the regenerator gradually stabilizes and the flow
velocity in the hole gradually fluctuates at a certain
value. With the increase of high temperature flue
gas mass flow rate, the velocity in flue gas hole in-
creases; With the decrease of the void ratio of the
regenerator, the flow area of the regenerator per unit
section decreases, and the flow velocity in the hole
increases when the flue gas flow rate is constant.
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Figure 4. Variation of flow velocity in flue gas hole at inlet with
time.
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Figure 5. Variation of pressure drop of regenerator with time

under 125 kg/h flue gas flow rate.

Figure 5 shows the resistance loss of regener-
ator with different structures under the flue gas flow
rate of 125 kg/h. It can be seen from the figure that
the flow rate in the hole and the temperature of the
regenerator rapidly increase (see Figure 3 and Fig-
ure 4) during the start time of heat storage. It results
in an increase in resistance loss, and then the tem-
perature of the regenerator and the flow rate in the
hole gradually stabilize, and the resistance loss also
gradually stabilizes. Resistance loss under the same
flue gas flow rate: No.3 regenerator > No.2 regen-

erator > No.1 regenerator. The smaller the diameter
of the regenerator is, the greater the velocity in the
hole and the greater the resistance loss along the
path. The increase of specific surface area of regen-
erator means that the contact area between airflow
and regenerator increases, which leads to the in-
crease of friction between airflow and regenerator
and the increase of resistance loss. Therefore, the
resistance loss of regenerator increases with the de-
crease of pore size and the increase of specific sur-
face area. This conclusion is consistent with the
research results of Yuan and others!?5-3%,

3.3 Characterization parameters of thermal
storage characteristics of porous thermal
storage materials

3.3.1 Heat storage rate

In Figure 3, there is little difference in dy-
namic temperature distribution curves of regenera-
tors with different structures. In order to more
clearly study and compare the temperature change
speed of porous regenerators with different struc-
tures in the process of heat storage, the “heat stor-
age rate” is used here to characterize, which is de-
fined as the heat storage capacity per unit mass of
regenerators in a certain period of time. According
to the definition of “heat storage rate”, it can be
used to express the degree of heat storage of porous
heat storage materials:

G

QU At

)

Where: T1 and T, are the average tempera-
tures before and after each acquisition by the data
collector; Setting value of C,.

Figure 6 shows the relationship between heat
storage rate and time under different working con-
ditions under the above definition of heat storage
rate.

It can be seen from Figure 6 that the change
trend of heat storage rate under different working
conditions is similar, and the peak time is around
200 s. The area before the peak is called the heat
storage front section, and the area after the peak is
called the heat storage rear section. If the radiant
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heat transfer between flue gas and regenerator is not
considered, the heat storage rate depends on the
intensity of gas-solid convection heat transfer. In
the front stage of heat storage, the temperature dif-
ference between gas and solid in the regenerator is
large, and at this time, the flow velocity in the hole
is rapidly increasing (see Figure 4), the convection
heat transfer intensity of the gas-solid is intense,
and the heat storage rate is almost linearly increas-
ing. In the later stage of heat storage, the tempera-
ture difference between gas and solid gradually de-
creases, the flow velocity in the hole gradually
stabilizes, and the heat storage rate gradually de-
creases, and there is little difference between the
heat storage rates of different regenerators in the
later stage of heat storage.
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It can be seen from Figure 6 that for the same
regenerator, the greater the flue gas heat flow, the
greater the heat storage rate. Under the same flue
gas heat flow rate, the regenerative rate of No.3 re-
generator is higher than that of No.1 and No.2. The
wall thickness and porosity of the three kinds of
regenerators are similar, and the third regenerator
has the smallest aperture and the largest specific
surface area. Yuan and others pointed out that the
smaller the pore size, the better the thermal perfor-
mance of the regenerator. Meng™, Wen!*l and oth-
ers pointed out that the larger the specific surface
area, the larger the gas-solid heat transfer area, and
the more heat transfer under the same conditions,
the better the thermal performance of the regenera-
tor.
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time /s
(b) Heat storage rate at 107 kg/h flue gas flow
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(c)Heat storage rate at heat storage rate at 89 kg/h flue gas flow

Figure 6. Heat storage rate of heat accumulator under different working conditions.

The two views seem unrelated, but in fact they
are mutual verification. Because the specific surface
area of the regenerator is determined by the pore
size and wall thickness. When the wall thickness of
the regenerator is similar, the smaller the pore di-
ameter, the larger the specific surface area. Figure 6

verifies the viewpoint of the above researchers.
Therefore, when other conditions are the same or
close in this case, the smaller the pore size of the
regenerator, the larger the specific surface area, the
larger the gas-solid heat exchange area, the faster
the heat storage, and the better the heat storage ef-
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fect.

The gas-solid convective heat transfer coeffi-
cient of the regenerator proposed by previous
scholars can reflect the gas-solid heat transfer inside
the regenerator, while the heat storage rate proposed
in this paper reflects the direct result of gas-solid
heat transfer, that is, the speed of heat storage.
Compared with the gas-solid convective heat trans-
fer coefficient, the heat storage rate is more intuitive
to characterize the heat storage characteristics, and
it is more efficient to select the regenerator suitable
for the heat storage system than the size of the heat
storage rate. Therefore, the heat storage rate pro-
posed in this paper has more reference value than
the gas-solid convective heat transfer coefficient
proposed by previous scholars.

3.3.2 Heat storage efficiency

The speed of heat storage of porous media re-
generator is characterized by heat storage rate. Ex-
cept that, in the process of dynamic heat storage,
the ability of regenerator to store the total heat car-
ried by high-temperature flue gas is also an im-
portant feature of heat storage material, which re-
flects the ability of regenerator to utilize the heat
passing through it, that is, the degree of utilization
of flue gas waste heat. “Heat storage efficiency”
can be defined to characterize:

— Ti - Tout
Tin—To
@)

Where, T;, is the high temperature flue gas
temperature at the entrance of the regenerative body;
T,.. for storage Flue gas temperature at hot body
outlet; T, is the initial temperature of the heat ac-
cumulator Degrees.

Heat storage efficiency means the ratio of the
actual heat release of high-temperature flue gas to
the theoretical maximum heat release, which is ba-
sically the same as the definitions of temperature
efficiency and heat recovery rate mentioned earlier,
and both reflect the utilization degree of heat car-
ried by the regenerator on flue gas. The higher the
heat storage efficiency, the more fully the heat car-
ried by flue gas is utilized. Hong et al.l!” pointed
out that the length of the regenerator is the main

factor affecting the temperature efficiency, but the
void ratio has little effect on it, so this paper focuses
on the study of the heat storage efficiency of dif-
ferent length regenerators.

Figure 7 shows the dynamic heat storage effi-
ciency of No.1 regenerator at different lengths when
the flue gas flow rate is 107 kg/h. With the increase
of heat storage time, the temperature differ-
ence between inlet and outlet of flue gas becomes
smaller and smaller, and the heat storage efficiency
also decreases gradually. Therefore, at the begin-
ning of heat storage, the heat storage efficiency is
the highest, at this time, the flue gas waste heat of
the regenerator is fully utilized, and the heat storage
efficiency has dropped below 0.3 when the heat
storage reaches 1,000 s. At any moment, the longer
the length of the regenerator, the greater the heat
storage efficiency. Because this dynamic regenera-
tive efficiency can be used to reflect the utilization
degree of flue gas waste heat by the regenerator at a
certain moment.
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Figure 7. Dynamic heat storage efficiency of No.1 regenerator
under 107 kg/h flue.

3.3.3 Unit heat storage resistance loss

According to the experimental results, it is
found that when the diameter or specific surface
area of the regenerator changes, the influence on the
regenerative rate and the resistance loss of the re-
generator is the same, that is, the resistance loss will
also increase with the increase of the regenerative
rate. Therefore, the resistance that the regenerator
needs to overcome to store the unit heat is also an
important index of the design and operation of the
regenerator system, which reflects the loss of the
unit heat stored by the regenerator.
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Based on the experimental research and analy-
sis, the characteristic parameter “resistance loss per
unit heat storage” is defined as the resistance loss
that the regenerator needs to overcome to store the
unit heat, which is a dimensionless number and
can be calculated by formula (4):

= AP e q,

Qyem

(4)

Where: AP is the pressure drop of the regen-

erator; g, is flue gas flow; Q, is the heat storage
rate; m is the total mass of the regenerator.
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Figure 8. Unit heat storage resistance loss at 125 kg/h flue.

Figure 8 shows the change with time of the
unit regenerative resistance loss of three kinds of
regenerators calculated by formula (4). As can be
seen from the figure, when the flue gas flow rate is
125 kg/h, with the heat storage time, the unit heat
storage resistance loss gradually increases linearly.
Because the heat storage rate gradually decreases
(see Figure 6) and the resistance loss gradually in-
creases (see Figure 5). With the decrease of pore
size or the increase of specific surface area, the re-
sistance loss of unit heat storage increases, because
when the pore size decreases, the resistance loss
increases more than that of heat storage. The mag-
nitude of the rate increase. Compared with the
thermal performance index put forward by Luf?%
the resistance loss per unit heat storage can more
intuitively reflect the resistance loss that different
regenerators need to overcome to store unit heat. In
the industrial heat storage system, not only the
aforementioned parameters such as heat storage rate
and heat storage efficiency should be consid-
ered, but also the unit heat storage resistance

loss, because the resistance characteristics will also
affect the design of the heat storage system.

4. Conclusion

(1) The heat storage rate is defined. The rela-
tionship between heat storage rate and time is pa-
rabola, and its size is mainly related to the structure
of the regenerator and the heat flow. The greater the
heat flow, the faster the heat storage; the smaller the
pore size of the regenerator or the larger the specific
surface area, the greater the heat storage rate.

(2) The heat storage efficiency and the heat
storage efficiency at the beginning of heat storage
are defined.

The rate is the highest and then decreases
gradually with the heat storage. The longer the
length of the regenerator, the higher the heat storage
efficiency, which indicates that the regenerator
makes full use of the waste heat of flue gas.

The unit regenerative resistance loss is defined,
which increases with the decrease of regenerator
aperture or the increase of specific surface area.

Therefore, the regenerator with small pore size
or large specific surface area can realize rapid heat
storage, but at the same time, the resistance loss of
the regenerator will also increase. Increasing the
regenerator properly can improve the heat storage
efficiency.
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