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A B S T R A C T

Waste heat recovery in the energy intensive industry is one of the most important measures for the mitigation
of climate change. The present study examines the integration of a packed bed thermal energy storage for
waste heat recovery in the iron and steel industry. Along with the highly fluctuating availability of excess
heat the main difficulty of waste heat recovery in industrial processes is the high amount of powder that is
transported by the hot exhaust gases. Therefore, the experimental investigations in this study focus on the
powder hold-up and pressure drop in a packed bed thermal energy storage that is operated with a gas-powder
two phase exhaust gas as heat transfer fluid. The ultimate goal is, to assess its suitability and robustness under
such challenging operational conditions. The results indicate, that 98% of the powder that is introduced into
the system with the heat transfer fluid during charging accumulates in the packed bed. Remarkably, most of
the powder hold-up in the packed bed is concentrated near the surface at which the heat transfer fluid enters
the packed bed. When reversing the flow direction of the heat transfer fluid to discharge the storage with a
clean single phase gas, this gas is not contaminated with the powder that has been accumulated in previous
charging periods. The entirety of these findings reinforces the suitability of packed bed thermal energy storage
systems for waste heat recovery in the energy intensive industry.
1. Introduction

The waste heat potential from the industry sector is enormous and
its exploitation can lead to substantial primary energy savings. The
biggest challenge of waste heat recovery is, that the utilization of
only a fraction of the theoretical waste heat potential (approx. one
third in 2014) is economically feasible. This is mainly because of
techno-economic constraints like minimum temperature requirements,
discontinuous waste heat availability, technology costs, or even the
lack of suitable technologies. A comprehensive review considering the
implementation of thermal energy storage (TES) systems for industrial
waste heat recovery is provided by Miró et al. [1]. In a similar study
Manente et al. [2] stated, that one of the most suitable types of TES for
industrial waste heat recovery is a packed bed thermal energy storage
(PBTES). Since PBTES systems use a non-pressurized steel vessel as
storage tank, rocks or some other type of solids as storage material and
a gaseous medium as heat transfer fluid (HTF) they are extremely cost
efficient and require little maintenance.
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(R. Hofmann).

Contrary to the maturity of PBTES systems for their integration into
concentrated solar power (CSP) plants [3,4] studies on their utiliza-
tion as industrial waste heat recovery systems are rare. The biggest
difference between integrating a PBTES into an industrial waste heat
recovery system and into a CSP plant is the composition of the HTF.
In a CSP plant a PBTES system is charged and discharged with clean
air whereas in an industrial waste heat recovery system the HTF will
be some kind of gas-powder two phase exhaust gas. In their studies
on the utilization of a PBTES for waste heat recovery in industrial
processes Ortega-Fernández et al. [5] and Slimani et al. [6] dealt with
this issue by placing a high temperature dust filter and a gas-to-gas
heat exchanger between the industrial waste heat source and the TES
so that the TES can be operated with clean air. However, this approach
is far from optimal, because the filtration of high temperature gas is
difficult and expensive and the exergy efficiency of gas-to-gas heat
exchangers is low. Additionally the lifetime of these heat exchangers
would be short due to the abrasiveness of the gas-powder two phase
exhaust gas. Therefore, the authors of the present study consider the
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Nomenclature

Acronyms

CSP Concentrated solar power
HTF Heat transfer fluid
LD Linz–Donawitz
PBTES Packed bed thermal energy storage
TES Thermal energy storage

Roman symbols

𝑑 Sauter diameter in m
Eu Euler -number
𝐿 Packed bed height in m
𝛥𝑝 Pressure drop in Pa
𝛥𝑝̂ Relative pressure drop
𝑝 Pressure in Pa
𝑟0 Characteristic length of a non-spherical packed bed

particle in m
Re Reynolds-number
𝑣 Superficial fluid velocity in ms−1

Greek symbols

𝛿0 Characteristic length for the fluid flow path in m
𝜂 Dynamic viscosity of the fluid in Pa s
𝛷D Shape factor for non-spherical packed bed particles
𝜓 Fractional void volume in m3 m−3

𝜌 Mass density of the fluid in kgm−3

Subscripts

𝑓 Fluid
𝑖 Index of pressure measuring point
𝑗 Index of pressure measuring point
𝑛 Sample number
𝑝 (packed bed) Particle

irect use of high temperature gas-powder two phase exhaust gas from
ndustrial processes as HTF for charging a PBTES. A schematic view
f the proposed waste heat recovery system is depicted in Fig. 1.
his approach drastically decreases investment (no high temperature
iltration, no additional heat exchanger) and maintenance costs (filter,
eat exchanger) of the whole system. In order to make assessments on
he suitability and robustness of a PBTES system in such a setting this
tudy examines the behavior of a PBTES system that is operated with
gas-powder two phase exhaust gas as HTF.

ig. 1. Integration of PBTES systems for the waste heat recovery from industrial
xhaust gas.
2

The first studies that consider gas-powder two phase flows in packed
beds date back to the early 1990s and were conducted to investigate
the behavior of coal powder that is injected into a blast furnace. In
the most recent study from Gupta et al. [7] the authors state that
despite the variety of publications considering this topic [8–12], the
literature reveals that consistency is lacking and that the behavior of
gas-powder two phase flow in packed beds is still not fully understood
yet. Additionally, the application of experimental results that were
generated in the context of pulverized coal injection into a blast furnace
to a PBTES that is operated with a gas-powder two phase HTF is
impracticable. Operational conditions that prevail in a blast furnace
are fundamentally different to the conditions in a PBTES. Probably the
biggest difference is, that in a blast furnace the powder (pulverized
coal) undergoes a chemical reaction either with the gaseous part of the
flowing fluid (burning) or the packed bed particles (reduction of iron
ore) whereas in a PBTES the interactions between the packed bed and
the HTF are limited to heat transfer, momentum transfer and adhesion.
In a blast furnace coal powder with a narrow particle size distribution
and a median particle size of 75 μm is laterally injected into the bottom
of the packed bed. In a PBTES that is operated with a gas-powder two
phase HTF the gas-powder flow enters the packed bed through the top
surface. Furthermore, the particle size distribution of metal dust from
a steel producing processes is much wider with a median particle size
of less than 10 μm. Therefore, the authors of this study decide to build
upon existing research on gas-powder two phase flows in packed beds
that was conducted in the context of coal powder injection into blast
furnaces and to apply and extend this area of research towards PBTES
systems that are operated with a gas-powder two phase HTF.

The remainder of this paper includes a presentation of the test
rig that is designed and erected for the experimental investigations
in Section 2. Additionally, properties and other information about the
materials that are used for the packed bed and the powder are summa-
rized in Section 2. Section 3 delineates the data analysis procedure and
empirical pressure drop equations that are used for measurement data
validation. Section 4 includes the presentation of all the results from
the experiments as well as an interpretation of these results with the
ultimate goal to assess the suitability of PBTES systems for waste heat
recovery in the iron and steel industry.

2. Material and methods

2.1. Experimental setup

To investigate the powder hold-up and pressure drop in a PBTES
when it is operated with a gas-powder two phase HTF, a lab-scale cold
model test rig of a vertical PBTES is used. Fig. 2 shows a P&ID of the
cold model test rig with all its components and instrumentation. The
storage tank itself is a vertical acrylic glass cylinder with a height to
diameter ratio of approximately 3 and is filled with 68.5 kg of storage
material. The storage material and the powder for the experiments were
chosen in a way, that the operational conditions are comparable with
an industrial scale PBTES. As storage material slag, a by-product from
the iron and steel industry, is used. In addition to the extremely low
costs, the suitability of slag as storage material for a PBTES is justified
by its good heat transfer properties due to its geometric shape. The
irregular shaped and partly porous rocks that the slag is composed
of lead to a uniform random packing, hence an even perfusion, and
a high volume-specific surface of the packed bed, hence an improved
heat transfer between HTF and storage material. More details about
the storage tank’s geometry and properties of the storage material
are summarized in Table 1. For the experiments the storage tank is
equipped with 11 pressure measuring points (PT1, PT2, . . . , PT11) that
are evenly distributed over the height of the packed bed. Piezoresistive
pressure sensors are used to record the pressure differences between
each of the pressure measuring points in the storage tank. Before the
experiments the piezoresistive sensors are calibrated to an accuracy of
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Fig. 2. Experimental test rig.

±0.06% of full scale. The flow rate of the HTF (dry, clean and cold
ambient air provided by an air supply unit) into the system is controlled
with a rotameter flow meter.

To simulate a charging process of the PBTES cold model with a gas-
powder two phase flow the initially clean HTF (cold ambient air) is
directed to a cell feeder where powder is added before it enters the
PBTES storage tank. The feed rate of the powder can be controlled
by adjusting the rotational speed of the cell feeder. In order to rep-
resent reality as accurately as possible metal dust collected from the
exhaust gases of a steel producing process is utilized as powder for
the experiments. In Fig. 3, the particle size distribution of the powder
is provided. These data are measured with a laser diffraction particle
size analyzer (Malvern® Mastersizer 2000 [13]) that is fed with a
dry sample dispersion unit (Malvern® Aero S [14]). The particle size
distribution of the powder depicted in Fig. 3 is the average of 12
consecutive measurements. The particle size of this type of powder
ranges from 0.2 μm to 600 μm with a median of 8.85 μm where the most
common sizes are 3.5 μm and 350 μm. Detailed information about the
metal dust are provided in Table 1. Downstream of the cell feeder the
gas-powder two phase HTF enters the storage tank from the top, passes
through the packed bed and leaves the tank at the bottom. Before the
HTF exits the system it passes through a powder filter that separates
the remaining powder from the HTF flow. The path of the HTF flow
for a charging process is indicated with solid lines in Fig. 2.

For the simulation of a discharging process of the PBTES cold model
with clean single-phase HTF, air from the rotameter directly enters the
storage tank from the bottom, passes through the packed bed and leaves
the tank at the top. Again, the air that exits the storage tank is directed
through the powder filter before it is released into the environment.
The HTF flow path for the discharging process is indicated with dashed
lines in Fig. 2.

2.2. Experimental procedure

Before the actual experiments with gas-powder two phase flow, the
pressure drop curve of clean HTF passing through the clean packed bed
depending on the HTF mass flux is recorded. For these experiments the
HTF mass flux is set between 0 kgm−2 s−1 to 0.6 kgm−2 s−1. The upper
3

Table 1
Summary of parameters: Test rig geometry, data/properties of storage material, HTF
and powder.
Test rig

Storage type vertical PBTES
Diameter of pipes 46mm
Tank diameter 238mm
Tank height 780mm
Tank volume 0.034m3

Packed bed height 700mm
Packed bed volume 0.031m3

Packed bed mass 68.5 kg

Packed bed material

Type of material slag (irregular shaped, partly porous)
Particle size 16mm to 32mm
Sauter-diameter 𝑑p 19.4mm (calculation see [15])
Particle density 3800 kgm−3

Void fraction 0.42
Bulk density 2200 kgm−3

Shape factor (𝛷D) 0.8 [15]
volume-specific heat transfer coefficient ≈ 11 × 103 Wm−3 K−1

Reynolds-number Re = 𝜌f 𝑣 𝑑p∕(𝜓 𝜂) 750 to 1000
Euler -number (see Equation (3)) 6.8 to 7.3

Heat transfer fluid

Type of fluid Air (𝑇 = 294.15K)
Density 1.205 kgm−3

Dynamic viscosity 18.23 × 10−6 Pa s
HTF mass flux 0.3 and 0.4 kgm−2 s−1

Powder content 0.025 kg to 0.045 kg powder per kg air

Powder

Type of material metal dust from the iron and steel
industry

Particle size 0.2 μm to 600 μm
Composition ≈95% Iron(III) oxide (Fe2O3) +5% of

other transition metal oxides
Powder mass flux 7.5 gm−2 s−1 to 13.5 gm−2 s−1 and

10 gm−2 s−1 to 18 gm−2 s−1

limit was chosen because a further increase of the HTF mass flux would
increase the pressure drop and the thickness of the thermocline which
both mean a low exergy efficiency of the PBTES. Empirical equations
from the literature are utilized to reconstruct and validate the measured
data.

For the core experiments of this study, the cell feeder is used to
produce a gas-powder two phase flow with a relative powder content
of 25 g to 45 g powder per kg air which is representative for the powder
content of exhaust gas from state-of-the-art steel producing processes
(LD-converter and electric arc furnace). This gas-powder two phase
flow further passes through the whole system as described in Sec-
tion 2.1. The increase in pressure drop in the packed bed is measured
with the differential pressure sensors PT1, PT2, . . . , PT11. The amount
of powder hold-up inside the packed bed is determined via a mass

Fig. 3. Particle size distribution of the powder used for the experiments.
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balance by measuring the amount of powder that is feed into the
HTF flow from the powder hopper and the amount of powder that is
separated from the HTF in the powder filter after passing through the
packed bed. This mass balance is evaluated periodically by removing
the powder filter from its housing to record its mass increase. At each
time, the powder filter is cleaned before it is put back into its housing
to prevent the exponentially rising pressure drop of the powder filter to
impact the behavior of the remaining system. For this purpose, the test
rig is equipped with two parallel powder filters so that one filter can
be removed and weighed without having to interrupt the experiments.
When the pressure drop of the packed bed reaches a certain threshold
the charging process with gas powder two phase flow is stopped. For
the experiments in this study the pressure threshold is set to 1000 Pa
ince this is the maximum pressure difference that can be recorded by
he measurement equipment. After stopping the charging process, the
low direction of the HTF is reversed to simulate a discharging process
f the PBTES with clean HTF. Clean air passes through the packed bed
rom the bottom to the top and exits the system through the powder
ilter. The reduction in pressure drop and powder hold-up is measured
nd determined as before. This whole procedure is repeated for a HTF
ass flux of 0.3 and 0.4 kgm−2 s−1.

The results of these experiments can be transferred and applied to
arger devices if certain similarity criteria (Reynolds- and Euler -number)

are satisfied. Values for the Reynolds- and Euler -number are given in this
section and in Table 1.

3. Theory and calculations

For the validation of the measured data empirical equations from
the literature are used. According to Kast et al. [15] there are two
different ways to model the pressure drop in a fluid passing through
a packed bed. The first and simpler option is, to model the packed
bed as several pipes connected in parallel which leads to the Ergun-
equation [16]. With this equation the pressure drop per unit length can
be calculated as
𝛥𝑝
𝛥𝐿

= 150
(1 − 𝜓)2

𝜓3
𝜂 𝑣

𝑑
2
p

+ 1.75
1 − 𝜓
𝜓3

𝜌f 𝑣2

𝑑p
(1)

where 𝜓 is the fractional void volume in the packed bed, 𝑑p is the
auter-diameter of the packed bed material, 𝜂 is the dynamic viscosity
f the fluid, 𝑣 is the superficial fluid velocity and 𝜌f is the mass density
f the fluid. At this point it should be mentioned, that Ergun’s-equation
s included in this study because it is the most common equation
sed to calculate the pressure drop in packed beds in the literature.
owever, one main disadvantage of the modeling approach used by
rgun is that the real flow paths of the fluid are only insufficiently
onsidered. Detailed information on the limitations of Ergun’s-equation
re provided by Kast et al. [15].

A more versatile but also more complex equation for the calculation
f the pressure drop per unit length is the Molerus-equation. This
quation was deduced based on the fluid flow around single packed
ed particles and therefore allows a much more detailed modeling
f the fluid flow paths within a packed bed with uniform randomly
acked particles. By postulating equilibrium between the resistance
orce exerted by the fluid to each packed bed particle and the force
ue to the pressure drop in the fluid, Molerus [17] found that

𝛥𝑝
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4
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4

Re𝛷D
0 D 0
The Euler -number Eu
(

𝛷D
)

in Eq. (3) is a function of the packed bed
particle Reynolds-number Re, a factor 𝛷D that accounts for the non-
spherical shape of the packed bed particles and a length ratio 𝑟0∕𝛿0
which is characteristic for the geometry of the fluid flow path between
the packed bed particles. For a packed bed with a fractional void
volume 𝜓 and uniform randomly packed particles the Reynolds-number
𝑅𝑒 and the length ratio 𝑟0∕𝛿0 can be calculated as

Re =
𝜌f 𝑣 𝑑p
𝜓 𝜂

and
𝑟0
𝛿0

=
[

0.95
3
√

1 − 𝜓
− 1

]−1
. (4)

3.1. Data processing and uncertainty analysis

For a compact presentation of the most important findings of the
present study the measured data from the experiments is processed
using Eq. (5). In this equation the pressure measurements from any two
pressure measuring points 𝑝𝑖 and 𝑝𝑗 are used to compute the relative
pressure drop between to measuring point 𝛥𝑝̂i−j(𝑛).

𝑝̂i−j(𝑛) =
𝛥𝑝i−j(𝑛)

𝛥𝑝i−j(𝑛 = 1)
=

𝑝𝑖(𝑛) − 𝑝𝑗 (𝑛)
𝑝𝑖(𝑛 = 1) − 𝑝𝑗 (𝑛 = 1)

(5)

The relative pressure drop between two measuring points 𝛥𝑝̂i−j(𝑛) is
the ratio of the pressure difference of the 𝑛th sample 𝛥𝑝i−j(𝑛) and the
pressure difference of the first sample, i.e. the clean bed, 𝛥𝑝i−j(𝑛 = 1).

To estimate the impact of uncertainties of the measurement devices
n the results presented in this study an uncertainty analysis using the
aw of error propagation is conducted. As mentioned in Section 2.1,
iezoresistive sensors with an accuracy of ±0.06% of full scale are used

to measure pressure differences between the measuring points in the
test rig’s packed bed. With a full scale of 2000 Pa (measurement range of
±1000 Pa) the utilized sensors deliver measurements with an accuracy of
±1.2 Pa. As the calculation of 𝛥𝑝̂i−j(𝑛) in Eq. (6) requires two differential
pressure measurements (𝛥𝑝i−j(𝑛) and 𝛥𝑝i−j(𝑛 = 1)), the law of error
ropagation is used to calculate the uncertainty of the relative pressure
rop as

𝛥𝑝̂i−j(𝑛)2 =
( 𝛿𝛥𝑝i−j(𝑛)
𝛥𝑝i−j(𝑛 = 1)

)2

+

(

−
𝛥𝑝i−j(𝑛) 𝛿𝛥𝑝i−j(𝑛 = 1)

𝛥𝑝i−j(𝑛 = 1)2

)2

. (6)

The relative uncertainty of 𝛥𝑝̂1−11(𝑛) and 𝛥𝑝̂1−3(𝑛) with respect
to the calculated value are well below ±2% and ±8.5% respectively.
These uncertainties are insignificant compared to the scattering of the
experimental data (see Figs. 6, 9 and 10) and therefore do not have an
impact on the quality of the results presented in Section 4.

4. Results and discussion

To guarantee consistency and reproducibility of the measured data,
the pressure drop curve of the clean packed bed is recorded three times
before the core experiments. Between each of these three measurements
the test rig’s tank is emptied and refilled again. The results of these
experiments are plotted in Fig. 4 as blue circles. It can be seen, that
the data is only slightly scattered in vertical direction which indicates
reproducibility of the results. Furthermore, empirical equations from
Ergun and Molerus are used to compare the measured data. The pa-
rameters used for the Ergun- and Molerus- equation are documented
in Table 1 which are either obtained from data sheets or from the
literature [15]. Both equations (dashed lines) fit the experimental data
(blue circles and solid blue line) very well as it can be seen in Fig. 4.
Thereby it can be confirmed that the test rig used for the experiments
in the present study delivers results that are consistent and follow the

trend as predicted by the Ergun and Molerus equations.
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Fig. 4. Pressure drop curve of clean HTF passing through a clean and dusty packed
bed.

4.1. Powder hold-up

The amount of powder that accumulates in the packed bed during
a charging process (powder hold-up) is determined by measuring the
amount of powder that is fed into the system by the cell feeder and the
amount of powder that accumulates in the powder filter. The experi-
ments reveal, that for a fluid mass flux of 0.4 kgm−2 s−1 approximately
98% of the powder accumulates in the packed bed during a charging
process. This means, that the PBTES does not only act as a thermal
storage, but also as a dust collector. For an industrial scale PBTES
that is operated at high temperatures this means that the HTF that
exits the PBTES during a charging process is not only cold but also
carries just 2% of the amount of powder than the HTF that enters
the PBTES. Furthermore, discharging the storage with clean air that
passes through the contaminated packed bed in the opposite direction
does not lead to a reduction of the powder hold-up in the packed bed.
This is confirmed by evaluating the powder mass balance during all
the discharging phases. Hence, clean air that is used to discharge the
PBTES is not contaminated with powder that has been accumulated in
the packed bed in a previous charging process.

One of the most interesting observations from the experiments is the
axial distribution of pressure drop and powder hold-up in the packed
bed which is visualized in Fig. 5. In this plot the left ordinate represents

Fig. 5. Vertical/axial distribution of the pressure drop in a packed bed with powder
hold-up.
5

the normalized height of the packed bed and the right ordinate shows
the positions of the pressure sensors. On the abscissa, the pressure drop
between measuring point 𝑖 and the bottom of the packed bed relative
to the total pressure drop of the clean packed bed is given. The blue
solid line with ◦-markers represents the relative pressure drop curve for
the clean packed bed. The rest of the lines show the relative pressure
drop curve of the packed bed after it was charged with gas-powder two
phase flow for different periods of time. While the initial pressure drop
curve (0min) and the pressure drop curve recorded after 20min of gas-
powder two phase flow are linear functions of the packed bed height,
the other two curves show different results that suggest a nonuniform
distribution of powder hold-up in vertical direction. After 60min of
charging with gas-powder two phase flow (yellow dotted line) one half
of the total pressure drop is caused only by the top layer (0.08m, 11%
of the packed bed’s total height) of the packed bed. These observations
indicate that most of the powder that accumulates in the packed bed is
concentrated at the surface where the two phase HTF enters the packed
bed. Similar results are presented in Fig. 6.

This plot shows the relative pressure drop of the upper fifth of
the packed bed – where the gas-powder two phase flow enters the
packed bed – on the left ordinate (𝛥𝑝̂1−3) and the relative pressure
drop of the remaining height of the packed bed on the right ordinate
(𝛥𝑝̂3−11). The amount of powder hold-up in the packed bed is plotted on
the abscissa. Both graphs start at a powder hold-up of 0 kgm−2 (clean
bed) and increase with the powder hold-up in the packed bed. It can
clearly be seen that the pressure drop in the upper fifth of the bed
rises exponentially whereas the pressure drop in the lower region of
the packed bed seems to flatten. At a powder hold-up of 40 kgm−2

the pressure drop in the upper fifth already increased by a factor of
8 while the pressure drop in the lower region of the packed bed has
not even doubled. These results too suggest, that a large part of the
powder that is introduced into a PBTES accumulates near the surface
at which the gas-powder two phase flow enter the packed bed. The
small portion of the powder that is further transported into the system
is distributed inside the packed bed considerably uniform. These results
are supported by the data presented in Fig. 7.

The left ordinate and the blue bars in this figure represent the pres-
sure drop between two measuring points 𝑖 and 𝑗. The abscissa indicates
the indices of measuring points between which the presented data is
measured. On the right ordinate the void fraction of the packed bed is

Fig. 6. Pressure drop in a packed bed with powder hold-up at different vertical/axial
positions.
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Fig. 7. Pressure drop and void fraction of a PBTES with a fluid mass flux of
0.4 kgm−2 s−1 and a powder hold-up of 60 kgm−2.

shown. The red dashed line is the average void fraction of the clean bed
and the red dotted line is the average void fraction of a contaminated
packed bed which is calculated using the measured powder hold-up of
60 kgm−2. Together with the data (pressure drop) presented in Fig. 7
the Molerus Eq. (2) is used to estimate the void fraction inside the
packed for different vertical positions. These calculations are validated
by comparing them to the total powder hold-up determined by the
powder mass balance. The results are presented as red bars in Fig. 7
and indicate, that only the void fraction in the top fifth of the packed
bed (between measuring points 1 and 3) is significantly lower than the
void fraction of the clean packed bed. In addition to these calculated
results Fig. 8 shows the packed bed in the PBTES test rig at three
different states. In the left picture a clean packed bed is depicted. The
center picture shows the top surface (where the gas-powder two phase
flow enters the packed bed) of a packed bed with a powder hold-
up of 30 kgm−2. The right picture is taken from the same angle after
the top fifth of the packed bed is removed. As was already assumed
when interpreting the data in Figs. 5–7, Fig. 8 shows that most of the
powder hold-up in the packed bed is concentrated near the top surface
of the packed bed. Furthermore the center and right photographs in
Fig. 8 show an even radial distribution of the powder hold-up which
indicates a uniform perfusion of the packed bed even with a significant
amount of powder hold-up. After each experiment the contaminated
storage material was removed layer-by-layer and the packed bed was
checked for any areas with more powder accumulation than in others.
After none of the experiments any irregularities in the uniformity of the
powder accumulation could be detected. The detailed examination of
the packed bed during and after each experiment suggests that there is
no risk of random flow channel formation through the packed bed.

4.2. Influence of powder/fluid mass flux

The trend of the pressure drop for a charging period of 80min is
depicted in Fig. 9. This figure shows the relative pressure drop between
the upper- and lowermost pressure measuring points 𝛥𝑝̂1−11 of the test
rig for two powder mass fluxes and a fluid mass flux of 0.4 kgm−2 s−1.
These results show that the pressure drop of a PBTES that is charged
with a gas-powder two phase exhaust gas increases exponentially over
6

Fig. 8. Photograph of a clean packed bed (left) and a packed bed with a powder
hold-up of 60 kgm−2: top view directly after charging (center), top view after charging
and after removing the upper fifth of the packed bed (right).

time. After a charging period of 50min with a powder mass flux of
17 kgm−2 s−1 an increase of the pressure drop by a factor of up to 4.5
is observed. A reduction of the powder mass flux also leads to a slower
increase of the pressure drop, however, no saturation effects could be
observed in any of the experiments. This means, that independent of the
powder mass flux, powder will continue to accumulate over time which
leads to a reduced exergy efficiency of the TES due to the increased
pressure drop and eventually a clogging of the packed bed. Hence,
frequent maintenance intervals at which the packed bed is cleaned
or renewed are necessary. The frequency of maintenance can only be
reduced by reducing the powder content of the fluid that passes through
the packed bed. This could be realized by using a drop-out box that
separates the coarse powder fractions from the HTF before it enters the
PBTES.

In Fig. 10 the impact of the fluid mass flux on the trend of the
relative pressure drop of the packed bed is shown. It can be seen that
a reduction of the fluid mass flux leads to a much faster increase of
the relative pressure drop with respect to the powder hold-up in the
packed bed. Notice, that in both cases the powder content of the fluid
is 0.042 kg powder per kg fluid and the abscissa in Fig. 10 represents
the powder hold-up in the packed bed and not the charging time. As
a higher fluid mass flux with the same powder content also means a
higher powder mass flux, the difference with respect to the charging
time would not be as pronounced, but still present. The reason for that
is based on the elutriation velocity of the powder particles which is
(among other factors) mainly determined by its size. The smaller the

Fig. 9. Impact of the powder mass flux on the pressure drop of a packed bed that is
operated with a gas-powder two phase flow.
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Fig. 10. Impact of the fluid mass flux on the pressure drop of a packed bed that is
operated with a gas-powder two phase flow.

particle, the lower its elutriation velocity and vice versa. For the present
use-case this means that all powder particles with an elutriation veloc-
ity higher than the velocity of the fluid passing through the packed bed
will accumulate in the packed bed. Powder particles with an elutriation
velocity that is lower than the fluid velocity remain in the fluid flow and
pass through the packed bed. Nevertheless, the data in Fig. 10 allows to
make some important statements about the preferred operation strategy
of a PBTES that is charged with a gas-powder two phase flow. Fig. 10
shows that a powder hold-up of 40 kgm−2 increases the pressure drop of
a PBTES that is charged with a fluid mass flux of 0.3 and 0.4 kgm−2 s−1

by a factor of 5 and 3 respectively. This observation combined with
the fact that both experiments were conducted with HTF having the
same powder content means that the higher the HTF mass flux, i.e. the
thermal power rate, at which the PBTES is charged, the slower the
decrease of the storage’s exergy efficiency due to the increased pressure
drop. For the operation of a PBTES that is charged with a gas-powder
two phase flow this implies, that high charging power rates should be
preferred to reduce the impact of powder hold-up on the pressure drop
and hence the systems exergy efficiency.

4.3. Summary and discussion

The proposed integration of a PBTES for the waste heat recovery
in the iron and steel industry is attractive because of its simplicity and
its energetic and economic benefits. Excess heat from steel producing
processes that is available as hot gas-powder two phase exhaust gas
can be stored in a PBTES by directly using the exhaust gas as HTF.
Due to the considerably uniform distribution of the powder hold-up in
radial direction there is little risk of thermal performance degradation
(storage capacity, thermal power rate) of the storage caused by random
flow channel formation. As clean HTF that is used to discharge the
PBTES is not contaminated by powder hold-up in the PBTES, heat
recovered from the storage can be used in conventional waste heat
boilers or for preheating purposes.

However, the results also show that there still is need for research
and development work in order to make PBTES systems suitable for
waste heat recovery in the iron and steel industry. The main challenge
in this context is to find an operating/maintenance strategy to keep the
pressure drop of HTF passing through the packed bed within appropri-
ate bounds. It is important to keep the pressure drop of HTF passing
7

through the packed bed as low as possible as the exergy efficiency of
a PBTES is strongly influenced by the energy needed to pump HTF
through the packed bed. Considering the results presented in this study
strategies and technologies to reduction of the powder content of the
HTF before it enters the PBTES and to reduce the amount of powder
hold-up that accumulates in the PBTES are required. The powder
content of the HTF can be reduce with existing technologies like gravity
separators (drop-out boxes). An interesting approach to reduce the
powder hold-up in the packed bed is to switch the flow direction for the
charging and discharging process of the PBTES (charging from bottom
and discharging from top) and to utilize periodic knocking/trembling
mechanisms to clean the packed bed from the accumulated powder
hold-up. As the powder hold-up in the PBTES concentrates near the
surface at which the HTF enters the packed bed, which, for switched
flow directions would be the bottom surface of the bed, the removal
of the powder hold-up takes place by gravitation. The limitations and
possible challenges this approach could entail include a reduced exergy
efficiency of the storage due to thermocline degradation especially
during long standby periods. For details considering these effects the
authors refer to their previous work [18].

5. Conclusion

The present study examined the suitability of packed bed thermal
energy storage systems for the waste heat recovery in the iron and steel
industry. Besides extreme temperatures and the highly fluctuating and
unpredictable availability of excess heat, the main difficulty of waste
heat recovery in industrial processes is the high amount of powder that
is transported by the hot exhaust gases. Therefore the focus of this study
was the investigation of the behavior/characteristics of a packed bed
thermal energy storage that is operated with a gas-powder two phase
heat transfer fluid.

A lab-scale test rig of a packed bed thermal energy storage was
used to quantify the pressure drop and powder hold-up that have to be
expected when a packed bed thermal energy storage is operated with
a gas-powder two phase heat transfer fluid.

The investigations revealed that, for the given materials and opera-
tional parameters, 98% of the powder that enters the test rig when it is
charged with a gas-powder two phase fluid accumulates in the packed
bed. Only the finest fractions (2%) of the powder remain in the fluid
flow passing through the packed bed. Furthermore, reversing the flow
direction of the heat transfer fluid and discharging the test rig with a
clean single phase fluid does not lead to a reduction of the powder hold-
up inside the packed bed. Hence, clean fluid that is used to discharge
the test rig is not contaminated with the powder hold-up in the packed
bed. Additionally an uneven distribution of the powder hold-up along
the fluid flow direction was observed by examining the packed bed after
the experiments. These observations are consistent with the pressure
drop measurements during the experiments. A large proportion of the
powder hold-up is concentrated near the surface at which the fluid flow
enters the packed bed. The distribution of powder hold-up in radial
direction of the test rig was observed to be uniform and no random
flow channel formation could be detected.

Overall, the integration of a packed bed thermal energy storage as
waste heat recovery system in the iron and steel industry was found
to be suitable and is definitely worth further investigation. Especially
the evaluation and development of suitable strategies for the removal
of powder hold-up from the storage material should be the main focus
in future research projects.
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