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A B S T R A C T   

To cope with the mismatch between solar energy generation and demand, developing thermal energy storage 
systems is necessary. Due to its low construction and operating costs and wide operating temperature range, the 
packed bed sensible heat storage system using air as the heat transfer fluid is becoming more and more popular. 
This paper proposes to use sintered ore particles as a sensible heat storage material. An experimental study is 
conducted to investigate the air resistance characteristics and thermal behavior of the sinter bed. Moreover, the 
effects of particle size, charging temperature, air flow and cycle times on storage performance of the bed are 
studied. The results show that the sinter bed has good thermal performance. The specific heat of the sinter is 
0.86–0.98 J/g/◦C in the range of 200–380 ◦C, which increases as the temperature rises. When the thermal 
storage system enters a stable operation state, the cycle efficiency of the sinter bed can reach 66.78%. In 
addition, due to the unique production process, sinter has the potential to improve its thermal properties by 
optimizing the ratio of raw materials and/or adding other auxiliary materials.   

1. Introduction 

Due to the depletion of conventional fossil energy and the aggrava
tion of environmental pollution, renewable energy sources are becoming 
increasingly important. Solar energy has the most remarkable devel
opment potential in renewable energy sources [1]. However, solar en
ergy is intermittent and unstable. Fortunately, thermal energy storage 
(TES) system can compensate for the mismatch between energy pro
duction and demand [2], making the continuous use of solar energy 
possible. 

TES can be subdivided into sensible heat, latent heat, and thermo
chemical energy storage. Due to its low construction and operating costs 
and wide operating temperature range [3], many scholars have recently 
focused on the packed bed sensible heat storage system using air as the 
heat transfer fluid. Choosing low-cost and high-efficiency energy storage 
materials is the key to sensible heat storage research [4]. 

Rock has been extensively studied [5–15] as an energy storage ma
terial due to its availability. Meier et al. [5] conducted early research on 
packed bed energy storage systems, laying the foundation for subse
quent research. They used the models experimentally verified to predict 
the thermal stratification, bed pressure drop and wall heat dissipation 
during charging. Okello et al. [6] experimentally investigated the 

thermal de-stratification in rock bed and discovered that the short 
storage tank has a higher heat loss rate than the long storage tank. 
Further study is needed to explore the possibility of more complex 
storage configurations that can meet different applications. Liu et al. [7] 
experimentally studied the heat storage and transfer characteristics of 
rock beds under low pressure and supercritical pressure. Chai et al. [8] 
conducted experiments to examine the effects of airflow directions and 
charging temperatures on the thermal performance of the closed-loop 
energy storage system. The only drawback is the low charging temper
ature (75–145 ◦C). Zanganeh et al. [9] developed a dynamic numerical 
model for fluid and solid phases with thermophysical properties varying 
in the range of 20–650 ◦C. Hänchen et al. [10] numerically studied the 
effects of bed size, the mass flow rate of fluid, particle diameter, and 
storage material on the energy storage characteristics of the system. The 
results reveal that the most relevant property of storage materials is 
volumetric heat capacity, while the thermal conductivity has only a 
slight effect. Mawire et al. [11] evaluated the applicability of different 
indicators for thermal stratification in an oil/pebble bed TES system. 
Schlipf et al. [12] experimentally studied the thermal behavior of three 
kinds of small size rock particles in a horizontal packed bed storage 
system. The small particles can form sharp thermocline layers. The 
research method of thermocline behavior used in this paper provides a 
reference for the subsequent research on thermocline characteristics. 
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Nem’s et al. [13–15] built a storage system with granite particles and 
experimentally studied the influence of granite shape and particle size 
on storage efficiency. However, the author filled a relatively small 
container with relatively large particles, which is not conducive to the 
detailed study of the thermal behaviors in the bed. 

Many scholars favor alumina/ceramic materials because of their 
higher thermal conductivity [16–23]. Nicolas et al. [16] designed a 
horizontally arranged square-section storage device, which could be 
flexibly applied to various heat sources. Touzo et al. [17] built a hori
zontal containerized storage system, which could recover up to 90% of 
the heat at a discharge threshold temperature of 200 ◦C. The system is an 
industrial-scale TES with a storage capacity of 1.9 MWhTh at 525 ◦C, 
which validates the performances of a commercial TES operating in 
actual conditions. To notably increase the dispatchability of Concen
trated Solar Plant (CSP), the author needs to develop the storage system 
operating at higher temperatures (above 1000 ◦C). Al-Azawii et al. [18] 
built a horizontally arranged, radial-flow storage device. Compared with 
the traditional axial flow, the radial flow method could increase the 
storage capacity from 1076.6 MJ to 1148.3 MJ and the storage efficiency 
from 75.3% to 80.3%. Daschner et al. [19] built a storage device in the 
form of a vertical tank. The storage material was filled between the inner 
tank and the outer shell, and the heat transfer fluid flowed in radially. 
The experimental results show that the system cycle efficiency exceeds 
92% and show the high practical application potential in a wide tem
perature range. Wang et al. [20] experimentally studied the heat 
transfer characteristics of a storage system using honeycomb ceramics 
and verified the applicability of honeycomb ceramics as storage mate
rial. Yang et al. [21] experimentally and numerically studied the ther
mocline degradation in the standby process using a pilot-scale packed 
bed storage system. The study illuminated well the heat transfer 
mechanisms during the standby stage and indicated that thermal 
diffusion and heat loss contribute more to the thermocline degradation 
than natural convection. Therefore, adopting solidfifillers with low 
conductivity, better insulating the tank walls both lateral and top, fully 
charging the solid bed are suggested to help maintain a good and stable 
stratification during the standby stage. Cascetta et al. [22] 

experimentally studied the temperature distribution of a packed bed 
storage system in a charging and discharging cycle, and analyzed the 
influence of wall heat dissipation on the radial temperature distribution. 
However, this paper does not carry out the tests under wider operating 
conditions. Meanwhile, a two-dimensional numerical model considering 
the effect of wall heat dissipation needs to be developed. Cascetta et al. 
[23] carried out experimental and numerical simulation studies on the 
cyclic thermal behavior of an air-alumina ball packed bed. The effects of 
cut-off threshold temperature and cycle times on energy storage char
acteristics are studied in detail. 

In addition, Agrawal et al. [1] and Gautam et al. [24] used concrete 
as energy storage material. To reuse the waste, Kocak et al. [25,26] 
characterized the demolition wastes and studied their applicabilities as 
sensible heat storage material. 

In summary, the materials used by scholars are mainly concentrated 
in rocks, ceramics/alumina, concrete, and reprocessed and shaped waste 
materials in the field of sensible heat packed bed energy storage. So far, 
there is no relevant research using sintered ore particles as sensible heat 
storage materials. As the primary raw material of the blast furnace, 
sintered ore particle has low cost, high-temperature resistance, high 
strength, and is environmentally friendly and non-toxic. Moreover, due 
to the unique production process, the sinter can improve further its 
thermal properties by optimizing the ratio of raw materials and/or 
adding other auxiliary materials. 

Considering the above advantages of sinter and its own background 
of waste heat utilization in sinter cooling bed [27–31], sintered ore 
particle is used as the sensible heat storage material in the present study. 
An air/sinter-bed TES test bench was built to study the storage perfor
mance of the sinter bed. JPU (Japanese Permeability Units), a perme
ability index widely used in the sintering field, is introduced to study the 
airflow resistance characteristics of sinter beds with different particle 
sizes. The effects of particle size, charging temperature, air flow, and 
cycle times on the thermal performances of the bed are studied. The 
dimensionless index Str number is introduced to study the stratification 
characteristics of the sinter bed. 

Nomenclature 

A study dependent constants 
B study dependent constants 
cpair specific heat capacity of air, J/(kg⋅K) 
d particle diameter, m 
Einput input energy, J 
Epump pumping energy, J 
G air mass flow rate per unit cross section, kg/(m2⋅s) 
g gravitational acceleration, 9.81 m/s2 

H bed height, mm 
I number of sinter layers 
i sinter layer 
m air mass flow, kg/s 
Nu Nusselt number 
Qrelease instantaneous amount of energy released from the packed 

bed, J 
Qstored instantaneous amount of energy stored in the packed bed, J 
r internal radius of the tank, mm 
S internal cross-sectional area of the tank, m2 

Spipe internal cross-sectional area of the pipe, m2 

Str stratification number 
T temperature, ◦C 
t time, s 
T′ air temperature at the outlet of electric air heater, ◦C 
Tin air temperature at the inlet of the tank, ◦C 

Tini initial temperature of the sinter bed at t = 0, ◦C 
Tout air temperature at the outlet of the tank, ◦C 
U air superficial velocity in the tank, m/s 
V air flow, m3/h 
vpipe air velocity in the pipe, m/s 
Xi the ith variable 
x radial position inside the tank, mm 
y axial position inside the tank, mm 

Greek symbols 
Δp pressure drop over the bed, Pa 
Δy distance between temperature sensors, mm 
δR uncertainty in the result, generic 
ε voidage of sinter bed 
ηcharging charging efficiency 
ηdischarging discharging efficiency 
ηcycle overall cycle efficiency 
θ dimensionless temperature 
μ dynamic viscosity of air, Pa⋅s 
ρa apparent density of the sintered ore particles, kg/m3 

ρair air density, kg/m3 

ρb bulk density of the sintered ore particles, kg/m3 

ρ density of the sintered material, kg/m3 

φ porosity of the sintered ore particles 
Φ particle sphericity  
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2. Sinter bed properties 

The sinters were from ZJU-BHP Billiton Joint Center for Sinter 
Research. They were crushed and sieved into 25–40 mm, 16–25 mm, 
and 10–16 mm, as shown in Fig. 1. The apparent densities of sintered ore 
particles were measured using the Archimedes drainage method [18]. 
The density of the sintered material was obtained with AccuPyc 1340 
automatic true density analyzer. Before the measurement, the sintered 
ore particles were first crushed into powders of about 75 μm using a coal 
mill. The bulk density of sinter particles was calculated by dividing the 
mass of particles in the storage tank by the volume occupied by the bed. 
The porosity φ of the sinters and the voidage ε of the sinter bed were 
calculated by formulas (1) and (2), respectively. In the present work, the 
porosity φ is the ratio of the volume of the pore inside sinter particles to 
the total volume of sinter particles in the natural state. It is aimed at 
sinter particles and focuses on the pores inside the particles. However, 
the voidage ε is the ratio of the volume of the pore between particles in 
the sinter bed to the total volume of the sinter bed. It is aimed at the 
packed bed using sinter particles, focusing on the pores between 
particles. 

φ= 1 −
ρa

ρ (1)  

ε= 1 −
ρb

ρa
(2) 

Table 1 gives the results of sinter density. It can be seen that the 
apparent density of sinter particles decreases as particle diameter in
creases [18]. The leading cause is that larger sinter particles contain 
more and larger closed pores and thus have greater porosity. Due to the 
larger bulk density of smaller particles, the packed bed using smaller 
particles has smaller porosity. 

The specific heat of the sintered material was measured via a dif
ferential scanning calorimeter (TA Q200). The measurement tempera
ture range was 0–400 ◦C, and the heating rate was 10 ◦C/min during the 
test. In the present work, the size of the sintered ore particle is 10–40 
mm, which is too large to be put in the crucible of the differential 
scanning calorimeter. Therefore, the sintered ore particle was crushed 
into small particles of appropriate size before the specific heat was 
measured. To verify the reliability and repeatability of the experimental 
results, two samples randomly selected, 25.72 mg and 26.17 mg, were 
tested, respectively. Fig. 2 plots the specific heat of the two samples as a 
function of temperature. The specific heat of the sinter is 0.66–0.98 J/ 
(g◦C) in the range of 15–380 ◦C, which increases with the temperature 
rising. The results of the two samples are very close, indicating that the 
sampling is representative and the results are repeatable. For the con
venience of comparison, the fitting curve of Tian’s model [18] is shown, 
which is derived from the specific heat of the sinter measured via a 
differential scanning calorimeter. The trends of the specific heat are 

Fig. 1. Sintered ore particles and thermocouple layout inside the storage tank.  

Table 1 
Measurement results of sinter bed properties.  

Particle size 25–40 mm 16–25 mm 10–16 mm 

Apparent density ρa (kg/m3) 3600 3688 3727 

Density ρ (kg/m3) 4547 
Porosity of the sintered ore particles φ 0.208 0.189 0.180 
Bulk density ρb (kg/m3) 1380 1476 1605 
Voidage of packed bed ε 0.617 0.600 0.569  

Fig. 2. Specific heat capacity of sinter as a function of temperature.  
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consistent with Tian’ works, indicating that the current experimental 
results are reliable. The specific heat of the sintered ore particles is 
strongly affected by the composition of raw materials and sintering 
conditions. The differences in the two aspects primarily lead to the gap 
between our measurement results and those of Tian’s work. 

3. Experimental 

3.1. Experimental system 

Fig. 3 illustrates the schematic diagram of the experimental system. 
The system consists of a blower, electric air heater, storage tank and 
induced draft fan. Fig. 4 shows the details of the storage tank. The tank 
has an inner diameter of 320 mm and a height of 850 mm. The height of 
the sinter bed is 650 mm. For 25–40 mm, 16–25 mm and 10–16 mm 
particles, the average particle diameter is 32 mm, 20 mm and 13 mm, 

Fig. 3. Schematic diagram of the test system.  

Fig. 4. Details of the storage tank and packed bed.  
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respectively. Therefore, for all sizes of particles, the ratio of tank 
diameter to particle diameter is greater than or equal to 10, so the edge 
effect was small [32,33]. 

The tank is made of 310S stainless steel with a wall thickness of 10 
mm. To reduce heat loss, a 250 mm castable insulation layer was ar
ranged around the tank, and a 150 mm insulation layer was arranged in 
the piping system. 

3.2. Experimental procedure 

For the cold tests, ventilate the bed to study the effect of particle size 
on the airflow resistance characteristics of the bed. The tests of the air 
resistance characteristics were conducted in a cold state at an ambient 
temperature of about 20 ◦C. During the tests, the blower remained 
closed, and the induced draft fan provided the airflow. The air flow was 
controlled by setting the negative pressure of the pipeline and the valve 
opening of the induced draft fan with a rated fan power of 90 kW. 

For the thermal tests, the induced draft fan was turned off. During 
charging, the air provided by the blower flowed through the electric 
heater and was heated to a predetermined temperature. Then the heated 
hot air passed through the storage tank longitudinally from top to bot
tom while transferring heat to the sinter bed. Finally, the air from the 
storage tank was discharged into the atmosphere. When the outlet air 
temperature of the tank reached 0.65 times the predetermined tem
perature θ = Tout

T′ = 0.65, the charging stopped. During discharging, the 
electric heater was closed, and the low-temperature air from the blower 
passed through the storage tank from the bottom to top, and was heated 
by the bed and then was discharged into the atmosphere. From the 
perspective of energy grade, the air below 60 ◦C is not useful even if used 
for space heating. Therefore, the discharging stopped when the outflow 
temperature dropped below 60 ◦C. It is worth mentioning that before 
each test, ventilate the bed in a cold state until the bed temperature is 
close to room temperature to eliminate the influence of residual heat in 
the bed on the experimental results. Besides, to protect the electric 
heater, it must be cooled to below 60 ◦C before discharging. Therefore, 
there was an about 20–40 min cooling process between the charging and 
discharging. During the tests, the air flow rate was controlled by 
adjusting the blower valves with a rated fan power of 0.55 kW. The inlet 
air temperature was adjusted by setting the temperature (heating pro
gram) of the electric heater with a maximum heating power of 90 kW. 
Table 2 gives the test cases of the hot state tests. 

3.3. Data collection 

As shown in Fig. 4, five thermocouples were arranged at intervals of 
100 mm to measure the axial temperature in the bed. Another two 
thermocouples were arranged at the top and bottom of the bed to 
measure the air temperature at the inlet and outlet of the tank. Other 
thermocouples were used to measure radial temperature distributions. 

All temperatures were detected by K-type thermocouples with ±1.5 ◦C 
accuracy, and Agilent was used for data collection. The data sampling 
interval was 10 s. The pressure sensors were used to measure the air flow 
pressure drop through the bed layer by the pressure tappings. The data 
sampling interval was 1 s, and the sampling accuracy was 1 Pa. The air 
velocity/flow rate was measured by the Testo 435 micro-manometer, 
the data sampling interval was 1 s, and the sampling accuracy was 
0.1 m/s. 

3.4. Data reduction 

In terms of studying airflow resistance characteristics, the Japanese 
were the first to use a small cylindrical air permeability device to 
simulate the packing arrangement of sinter materials and study the 
sinter bed permeability. Due to the wide acceptance and use of Japanese 
Permeability Units (JPU) in sintering, and considering that sinter par
ticles are also used as the packed bed storage material in this work, the 
author innovatively proposes to introduce JPU into the field of packed 
bed energy storage. In the current work, JPU is used as a quantitative 
index to characterize the airflow resistance characteristics of packed 
beds [34]. 

JPU=
V

60S

(
H
ΔP

)0.6

(3) 

The air flow can be calculated by the following equation: 

V = Spipe × vpipe (4) 

The mass flow rate of air can be calculated by the following equation: 

m=V × ρair (5) 

During charging, the instantaneous amount of energy stored in the 
packed bed can be obtained by the following equation [35]: 

Qstored =mcpair⋅Δt(Tin − Tout) (6) 

The input energy during charging can be calculated by the following 
equation [10]: 

Einput =

∫tend

to

∫Tend

To

m⋅cpairdT⋅dt (7) 

The pumping energy during charging or discharging can be obtained 
by the following equation [10]: 

Epump =

∫tend

to

VΔpdt (8) 

During discharging, the instantaneous amount of energy released 
from the packed bed can be obtained by the following equation [35]: 

Qrelease =mcpair ⋅Δt⋅(Tout − Tin) (9) 

Charging efficiency [35], discharging efficiency and cycle efficiency 
are introduced [10] to evaluate the thermal performance of sinter as 
energy storage materials. Charging efficiency is the ratio of the total 
energy stored in the tank to the sum of the total energy input and the 
pump work during charging. 

ηcharging =

∫tend

to

Qstored⋅dt

Einput + Epump
=

∫tend

to

mcpair(Tin − Tout)dt

∫tend

to

∫Tend

To

mcpairdTdt +
∫tend

to

VΔpdt

(10) 

Discharging efficiency is the ratio of the total energy released from 
the tank to the sum of the stored heat and the pump work during 
discharging. 

Table 2 
Experimental conditions and results of storage performances of sinter bed.  

Case Particle size 
(mm) 

T′

(◦C)  
V (m3/ 
h) 

ηcharging 

(%) 
ηdischarging 

(%) 
ηcycle 

(%) 

1 25–40 300 85 61.34 68.92 42.28 
2 16–25 300 85 62.55 70.47 44.08 
3 10–16 300 85 63.26 71.33 45.12 
4 10–16 250 85 62.91 71.40 44.92 
5 10–16 200 85 64.17 71.54 45.90 
6 10–16 200 130 68.45 80.99 55.44 
7 10–16 200 175 

(1st) 
70.08 82.19 57.60 

8 10–16 200 175 
(2nd) 

63.53 102.03 64.82 

9 10–16 200 175 
(3rd) 

63.13 105.77 66.78  
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ηdischarging =

∫t
′

end

t′o

Qrelease⋅dt

∫t
′

end

t′o

Qstored⋅dt + Epump

=

∫t
′

end

t′o

mcpair(Tout − Tin)dt

∫t
′

end

t′o

mcpair(Tin − Tout)dt +
∫t
′

end

t′o

VΔpdt

(11) 

Cycle efficiency is defined as the ratio of the heat released to the sum 
of the input energy and the required pump work in a complete charging/ 
discharging cycle.   

The non-dimensional index stratification number (Str) is used to 
quantitatively evaluate the thermal stratification performance of the 
sinter bed [36,37]. Str is defined as the ratio of the average value of the 

temperature gradient at any time t to the maximum average temperature 
gradient during charging/discharging. 

Str=

(
∂T
∂y

)

t
(

∂T
∂y

)

max

=

1
I− 1⋅

[

ΣI− 1
i=1

(
Ti+1 − Ti

Δy

)]

Tin − Tini
(I− 1)⋅Δy

(13) 

Additionally, the major parameters’ maximum uncertainty was 
evaluated via the error propagation theory [38], as given in Table 3. 

δR=

[

Σ
N

i=1

(
∂R
∂Xi

δXi

)2
]1/2

(14)  

Where δR is the total uncertainty, Xi is the measurement parameter, δXi 
is the uncertainty of each independent variable, which can be calculated 
according to the accuracy of measuring instruments and measured 
values. 

4. Results and discussion 

4.1. Air resistance characteristics of packed bed 

4.1.1. Cold air resistance characteristics 

Fig. 5(a) shows the ΔP/H of the packed bed of sintered ore particles 
with different nominal sizes under different air superficial velocities. 
ΔP/H increases with the air superficial velocity rising, and the overall 
trend of the curve fits well with the binomial [39,40]. At the same air 
superficial velocity, the smaller the particle size, the greater the ΔP/H 

Table 3 
Experimental uncertainties of the major parameters of interest.  

Property/parameter (unit) Symbol Uncertainty (%) 

Air flow (m3/h) V 1.46 
Pressure drop per unit length (Pa/m) Δp/H 1.15 
Reduced pressure drop (Pa⋅s/m2) Δp/HU 1.87 
Permeability JPU 1.64 
Energy stored (kWh) – 1.61 
Energy released (kWh) – 1.90 
Charging efficiency (%) ηcharging 2.28 
Discharging efficiency (%) ηdischarging 2.49 
Cycle efficiency (%) ηcycle 2.50  

Fig. 5. Effect of U on ΔP/H and ΔP/(HU) for different particle sizes.  

ηcycle =

∫t
′

end

t′o

Qrelease⋅dt

Einput + Epump(charging) + Epump(discharging)
=

∫t
′

end

t′o

mcpairΔt(Tout − Tin)dt

∫tend

to

∫Tend

To

m⋅cpairdT⋅dt +
∫tend

to

VΔpdt +
∫t
′

end

t′o

VΔpdt

(12)   
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and thus the more significant the airflow resistance. Fig. 5(b) shows the 
reduced pressure drop [30] of the packed bed of sintered ore particles 
with different nominal sizes under different air superficial velocities. 
The reduced pressure drop of the bed increases as the air superficial 
velocity increases, and the overall trend of the curve conforms to the 
linear law [30,31]. At the same air superficial velocity, smaller particles 
cause more significant reduced pressure drops and thus greater airflow 
resistance. 

The results of Tian’s test [30] for sintered ore particles have been 
added to Fig. 5(b) for comparison. The variation trends of the ΔP/(HU) 
with particle size are consistent with Tian’s works, indicating that the 
current experimental results are accurate and reliable. On this basis, the 
bed permeability index JPU is innovatively introduced to characterize 
the airflow resistance characteristics of the bed. Fig. 6 plots the bed 
permeability at different air superficial velocities under three particle 
sizes. The bed permeability first decreases and then gradually ap
proaches a stable value as the air superficial velocity increases. 
Furthermore, the bed permeability decreases as the particle size de
creases. According to Ergon’s equation, the permeability of the packed 
bed is mainly affected by the average particle diameter and the voidage 

of the packed bed. Particles in the smaller nominal size range result in 
smaller average particle sizes and a smaller bed voidage, leading to 
worse bed permeability, namely, more significant airflow resistance. In 
summary, at the same air superficial velocity, the permeability index 
JPU can characterize the airflow resistance of the sinter bed well. 

4.1.2. Thermal air resistance characteristics 
Taking case 6 as an example, Fig. 7 shows the airflow resistance 

characteristics during the thermal tests. In the current tests, the fan 
power and the valve opening in the pipeline remain unchanged. The air 
flow declines slowly and slightly during charging and rises slowly and 
slightly during discharging. The pressure drop of the air through the 
beds can be calculated using the Ergun equation, which has been 
modified with a buoyancy term [9]: 

Δp
H

=
G2

ρaird

(

A
(1 − ε)
ε3Φ2

μ
Gd

+B
1 − ε
ε3Φ

)

+ ρairg
ΔT
T

(15) 

For equation (15), the first and second terms in the parentheses are 
viscous and kinetic energy losses, respectively. The second term takes 
into account the pressure difference over the bed layer caused by tem
perature difference. It has an augmenting effect on the pressure drop 
during charging and a reducing effect during discharging. During 
charging, the overall temperature inside the bed rises, causing the 
density to decrease and the dynamic viscosity to increase, which in turn 
increases the pressure drop according to Eq. (15). However, the power of 
the air blower remains constant. Therefore, the air flow declines slowly 
and slightly during charging. Similarly, the opposite is true during dis
charging [5,9]. 

4.2. Thermal behavior of sinter bed 

Taking case 3 as an example, Fig. 8 shows the axial temperature 
evolution over time during charging and discharging. For charging, the 
axial temperature gradually climbs with time in sequence. At the 
beginning of charging, the inlet air temperature soars to close to the 
predetermined temperature, while the bed temperature remains the 
ambient temperature. Due to the significant temperature difference, the 
heat transfer between the heat transfer fluid and the storage material is 
intense, so the bed temperature rises rapidly. As the charging progresses, 
the temperature difference between the inlet air temperature and the 
bed temperature gradually decreases, so the heat transfer becomes 
gentle and thus the bed temperature rises slowly. It is worth pointing out 

Fig. 6. Effect of U on bed permeability for different particle sizes.  

Fig. 7. The evolution of air flow during charging and discharging.  
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that the thermal behavior in the bed is not transversely uniform due to 
radial heat dissipation in the present test. This result indicates that the 
current axial temperature only represents the temperature along the 
central axis of the tank and does not represent the average temperature 
of the bed cross-section. In this study, the axial temperatures are only 
used to analyze the movement and thermal behavior of the heat transfer 
front inside the bed, but not to calculate the storage capacity of solid 
material. The same is below. Given that the size of this manuscript, the 
influence of different parameters on the radial temperature uniformity 
of the bed will be discussed in the next manuscript. 

It is worth noting that the temperature difference between the 500 
mm position and the exit is about 60 ◦Cat the end of charging. This 
temperature difference is explained for the following reasons. First, the 
total height of the bed is 650 mm, which means that there is still a 150 
mm bed under the thermocouple at 500 mm to absorb heat. Second, the 
temperature measured by the thermocouple at 500 mm is the temper
ature at the center of the bed. Due to the radial heat dissipation, the 
temperature near the wall is significantly lower than the temperature at 
the center. The low-temperature airflow near the wall and the high- 
temperature airflow at the center of the bed converge at the tank’s 
outlet, so it is not difficult to understand that the temperature at the 

outlet of the tank is much lower than the bed temperature at 500 mm. 
Besides, since the pipeline at the bottom of the storage tank cannot be 
preheated during the pipeline preheating process, the airflow is cooled 
by the tank’s base after it flows out from the bottom of the tank. 

For discharging, the axial temperature gradually declines with time 
in sequence. The thermal behavior of the bed is similar to that during 
charging, but the curve change trend is opposite. 

Fig. 9(a) shows the heat stored and charging efficiency at different 
dimensionless cut-off temperatures during charging. When the dimen
sionless cut-off outflow temperature increases from 0.15 to 0.65, the 
heat stored increases from 3.56 kWh to 8.36 kWh while the corre
sponding charging efficiency drops from 93.9% to 63.3%. Charging 
deeper for storing more heat will inevitably decrease charging efficiency 
and thus cycle efficiency. This result means that the charging efficiency 
and the total energy stored are a pair of contradictions. A compromise 
must be made from a technical and economic perspective. Fig. 9(b) 
shows the heat released and discharging efficiency at different cut-off 
outflow temperatures during discharging. When the cut-off outflow 
temperature gradually reduces from 250 ◦C to 60 ◦C, the heat released 
gradually increases from 2.30 kWh to 5.96 kWh, and the discharging 
efficiency also gradually increases from 27.5% to 71.3%. 

Fig. 8. Axial temperature profile during charging and discharging.  

Fig. 9. Effect of cutoff outflow temperature on thermal performance.  
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Fig. 10. Effect of particle size on inlet and outlet temperature during charging and discharging.  

Fig. 11. Effect of particle size on thermal stratification.  
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Fig. 12. Effect of charging temperature on inlet and outlet temperature during charging and discharging.  

Fig. 13. Effect of charging temperature on thermal stratification.  
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Table 2 shows the experimental results of storage performances of 
the sinter bed. For the current case, cycle efficiency is 45.12%. The 
following two reasons can explain the low cycle efficiency. First, the 
dimensionless outlet temperature reaches 0.65 during charging, which 
is a deep charging process. As illustrated in Fig. 9(a), the deeper 
charging, the more heat loss, and thus the lower the charging efficiency. 
In the late stage of charging, as the outlet temperature gradually rises, 
the heat loss increases rapidly. Second, the current test is a single 
charging/discharging cycle test, and the sign of the end of the dis
charging is that the outlet temperature drops below 60 ◦C. This opera
tion procedure means that part of the heat remains in the tank after 
discharging. When multiple continuous cycle tests are carried out, the 
residual heat in the tank at the end of the last cycle can be used in the 
next cycle so that a higher cycle efficiency can be obtained. 

4.3. Effect of particle size on thermal performance 

Fig. 10 shows the effect of sinter particle size on inlet and outlet 
temperature. The larger the particle size, the earlier the outlet air tem
perature rises. This result is because the specific surface area is more 
significant for smaller particles, and the voidage of the packed bed 
formed by the smaller particle is lower, thus a larger heat exchange area. 
These factors lead to better heat exchange between the storage material 
and the heat transfer fluid [36], which ultimately reduces heat diffusion 
from the top to the bottom of the bed. For the discharging process, when 
the particle size gradually decreases, the curve of outlet air temperature 
gradually becomes higher and narrower. This change means that the 
heat release of smaller particles is more concentrated; hence, smaller 
particles have a higher peak outlet temperature and a shorter dis
charging time. A packed bed of small particles is easier to produce and 
maintain a sharp thermocline [10] during heat exchange. Besides, the 
actual flow velocity in the bed is greater for small particles. These factors 
ultimately lead to greater heat transfer power. 

Fig. 11 shows the effect of particle size on thermal stratification. 
Thereinto, Fig. 11(a) shows the evolution of Str, and Fig. 11(b) shows 
the axial temperature profiles in the tank when Str reaches its peak (the 
same below). Regardless of the charging or discharging, the Str first 
increases and then decreases, indicating the formation and recession of 
thermal stratification in the bed. Small particle materials have higher 
peak Str [10], and the peaks appear later. Meanwhile, Fig. 11(b) in
dicates that the thermocline of the bed with smaller particles is sharper 
and steeper. As mentioned above, the bed with smaller particles has a 
larger heat transfer area and a smaller bed voidage, which hinders the 

heat diffusion from the inlet to the outlet of the tank [36] and promotes 
the formation and maintenance of thermocline in the tank. 

The effect of particle size on storage performances can be seen in 
Table 2. For small particles, the packed bed has a smaller voidage, which 
means a greater mass of storage materials and more heat stored. 
Furthermore, the packed bed of small particles loses less heat during the 
cycle process, and finally 10–16 mm particle has the highest cycle effi
ciency [10]. 

4.4. Effect of charging temperature on thermal performance 

Fig. 12 shows the effect of charging temperature on inlet and outlet 
temperature. The higher the charging temperature, the greater the slope 
of the outlet temperature curve. This result is because the higher the 
charging temperature, the more significant the temperature difference 
between the heat transfer fluid and the bed, and thus the greater the heat 
transfer Nu number [1]. However, as the charging temperature in
creases, the corresponding charging time is also prolonged. When the 
charging temperature increases from 200 ◦C to 250 ◦C, 300 ◦C, the 
charging time increases from 91.5 min to 100.7 min and 108.8 min, 
respectively. A higher charging temperature also causes a higher outlet 
temperature during discharging. When the charging temperatures are 
200 ◦C, 250 ◦C, and 300 ◦C, the corresponding peak outflow tempera
tures are 173.9 ◦C, 213.9 ◦C, and 255.0 ◦C, respectively. 

Fig. 13 shows the effect of charging temperature on thermal strati
fication. The curves of Str evolution with time at different charging 
temperatures almost overlap, indicating that the charging temperature 
has little effect on the thermocline velocity. Higher charging tempera
tures increase heat transfer temperature differences, resulting in a 
steeper thermocline, as shown in Fig. 13(b). However, the charging 
temperature has less impact on the peak value of Str shown in Fig. 13(a). 
According to the definition of the Str, a higher charging temperature 
leads to an increase of the average temperature gradient, while the 
maximum average temperature gradient as the denominator also in
creases, so the Str is almost unchanged. 

The effect of charging temperature on storage performances is shown 
in Table 2. Within the temperature range of current tests, the charging 
efficiency, discharging efficiency, and cycle efficiency have no apparent 
changing trend with the change of charging temperature. A higher 
charging temperature leads to an increase in heat loss, while the total 
amount of stored heat also increases, and eventually the proportion of 
heat loss does not change much [8]. 

Fig. 14. Effect of air flow on inlet and outlet temperature during charging and discharging.  
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4.5. Effect of air flow on thermal performance 

Fig. 14 shows the effect of air flow on inlet and outlet temperature. 
The greater the air flow, the earlier the outlet temperature rises, and the 
greater the curve slope. The greater the air flow, the greater the super
ficial velocity of the heat transfer fluid passing through the storage tank. 
When the air flow gradually increases from 85 m3/h to 130 m3/h, 175 
m3/h, the air superficial velocity in the tank also gradually increases 
from 0.3 m/s to 0.45 m/s and 0.6 m/s, respectively. The increase of the 
airflow velocity leads to a rise in the heat transfer Nu number between 
the air and the bed material [1], so the heat carried by the heat transfer 
fluid can be transferred to the storage material faster. When the air flows 
are 85 m3/h, 130 m3/h, and 175 m3/h, the charging times are 91.5 min, 
54.2 min and 39.5 min, respectively. Due to the larger heat transfer 
coefficient caused by the larger flow rate, the 175 m3/h case has the 
highest peak outlet temperature of 176.58 ◦C during discharging. When 
the air flow gradually increases, the discharging curve gradually be
comes narrower and taller, which means the heat release is more 
concentrated. When the air flows are 85 m3/h, 130 m3/h, and 175 m3/h, 
the discharging times are 98.0 min, 56.3 min and 42.0 min, respectively. 

Fig. 15 shows the effect of air flow on thermal stratification. With the 
increase of the air flow, the evolution curve of the Str gradually becomes 
narrower and the peak comes earlier due to the faster charging and 
discharging processes. Meanwhile, the air flow has little effect on Str 

peak value. The speed of the thermocline through the beds depends on 
the air velocity, which is directly proportional to the used thermal power 
[12]. As the air flow increases, the air velocity increases, driving the 
thermocline to move faster. In addition, when the charging temperature 
remains constant, the greater the air flow, the greater the charging 
power, thus enhancing the heat transfer. These factors accelerate the 
charging process, so the time required to obtain maximum Str decreases 
with increasing air flow rate. The same is valid for discharging. 

From Fig. 15(b), the thermocline becomes slightly steeper as the air 
flow increases. However, when the air flow increases from 85 m3/h to 
130 m3/h and 175 m3/h, the peak charging Str decreases from 0.861 to 
0.841 and 0.831, respectively. This contradiction arises from the defi
nition of Str. For the three different air flow cases, when the thermal 
gradients in the bed reach the peak, the inlet air temperatures are not 
wholly consistent but with tiny differences. This difference leads to a 
difference in the denominator in Str, which leads to a situation where Str 
results are inconsistent with thermal gradient results. 

In fact, greater air flow has a twofold effect on the thermocline 
within the bed. On the one hand, when the air flow increases, the heat 
transfer coefficient increases, making the thermocline even sharper 
[12]. On the other hand, as the air flow rises, the residence time of the 
heat transfer fluid in the bed decreases, which makes the heat transfer 
fluid still has residual heat to heat the bottom particles after passing 
through the top particles. Therefore, the heat transfer fluid at a large 

Fig. 15. Effect of air flow on thermal stratification.  
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Fig. 16. Effect of cycle times on inlet and outlet temperature during charging and discharging.  

Fig. 17. Effect of cycle times on thermal stratification.  
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flow rate tends to heat the particles more uniformly in the axial direc
tion, while at a small flow rate, the heat transfer fluid tends to heat the 
particles near the inlet first [11,37]. In addition, higher flow rates may 
result in more chaotic flow within the bed, which may disturb the for
mation and development of thermocline [26]. The final thermocline of 
the bed depends on the combined effect of these factors. 

The effect of air flow on storage performances can be seen in Table 2. 
Larger air flow leads to more considerable heat transfer power and 
shorter process time, so the system’s heat loss is less [26]. As air flow 
increases, the charging efficiency and discharging efficiency both rise, 
and thus finally the cycle efficiency also rises. In addition, since the 
discharging is carried out after the electric heater is cooled to below 
60 ◦C, the larger flow rate results in a slightly lower average inlet air 
temperature during discharging, as shown in Fig. 14, which also in
creases the discharging efficiency and cycle efficiency to a certain 
extent. 

4.6. Cycle performance of storage tank 

The above tests are all single charging/discharging cycle tests, but 
the system runs continuously and carries out multiple charging/dis
charging cycles in actual applications. During the continuous storage 
cycles, since the charging is carried out in the thermal state after the last 
discharging, the system often exhibits storage characteristics different 
from those of the single cycle. This part focuses on comparing the energy 
storage characteristics of the single-cycle test and multiple-cycle test. 

Fig. 16 shows the evolution of the air temperature at the inlet and 
outlet of the tank over time during the three charging/discharging cy
cles. Due to the preheating effect of the first cycle on the system, the inlet 
air temperature rises faster in the second and third cycles and is slightly 
higher than that in the first cycle. In addition, the initial outlet tem
perature is higher, and the charging time is shorter in the second and 
third cycles than those in the first cycle due to incomplete heat release in 
the last cycle. The difference in discharging among the three cycles is 
negligible. Because of the better preheating effect provided by the long 
run of the system, the temperature curves in the latter two cycles are 
slightly higher than that in the first cycle. 

Fig. 17 shows the evolution of thermal stratification over time in the 
three cycles. As shown in Fig. 17(b), the charging thermoclines of the 
latter two cycles are much flatter than that of the first due to the smaller 
temperature difference caused by the higher initial bed temperature. 
The peak Str decreases from 0.831 in the first cycle to 0.702 and 0.696, 
respectively. The discharging Str curves in the three cycles almost 
overlap, indicating that cycle times have little effect on the discharging 
thermal stratification characteristics. 

The storage performances in three cycles are shown in Table 2. Due 
to the incomplete heat release in the first cycle, the heat stored in the 
subsequent cycles is significantly less than that in the first cycle, and 
thus the charging efficiency decreases. Since the long-run system is more 
fully preheated, the heat released and the discharging efficiency grad
ually increase with the number of cycles. It is worth noting that the 
discharging efficiency slightly exceeds 100% in the latter two cycles 
because the energy progressively accumulated in the experimental sys
tem in the previous cycles is released in the subsequent cycles. In gen
eral, the cycle efficiency increases as the number of cycle increases. Due 
to the incomplete heat release, the cycle efficiency in the first cycle is 
significantly lower than that in subsequent cycles. After the first cycle, 
the continuously running system gradually enters a stable state, and the 
cycle efficiency is slightly improved. 

5. Conclusions 

This paper proposes using sintered ore particles as a sensible heat 
storage material and experimentally studies the airflow resistance and 
energy storage characteristics of the sinter bed. The main conclusions 
are as follows:  

(1) As the primary raw material of the blast furnace, sintered ore 
particle has low cost, high-temperature resistance, high strength, 
and is environmentally friendly and non-toxic. The specific heat 
of the sinter is 0.86–0.98 J/g/◦C in the range of 200–380 ◦C, 
which increases with the temperature rising. In addition, due to 
the unique production process, the sinter has the potential to 
further improve its thermal properties by optimizing the ratio of 
raw materials and/or adding other auxiliary materials.  

(2) The permeability index JPU in the sintering field can characterize 
well the airflow resistance characteristics of the sinter bed. A 
packed bed of small particles has a lower bed permeability and 
greater air resistance. The permeability first decreases and then 
gradually stabilizes as air superficial velocity increases.  

(3) Due to the smaller voidage and larger specific surface area, the 
small particle sinter bed has better thermal stratification char
acteristics and cycle efficiency. Higher charging temperatures 
lead to sharper thermocline but have no effect on cycle efficiency. 
The greater air flow speeds up the energy storage cycle, leading to 
higher cycle efficiency. When the air flow increases from 85 m3/h 
to 175 m3/h, the cycle efficiency increases from 45.90% to 
57.60%. When the system gradually enters a stable state, the 
cycle efficiency can be increased from 57.60% in the first cycle to 
66.78%.  

(4) The physical properties of solid materials as storage mediums are 
one of the main factors affecting the storage performances of 
packed beds. In the next stage, we will compare and analyze the 
applicability of different materials as sensible heat storage ma
terials. Meanwhile, the effect of different materials on the storage 
performances of the packed beds will be studied. 
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