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Abstract: Waste heat recovery from hot steel slag was determined in a granular bed through the combination of numerical simulation and an
industrial test method. First, the effective thermal conductivity of the granular bed was calculated. Then, the unsteady-state model was used to
simulate the heat recovery under three different flow fields (O-type, S-type, and nonshielding type (Nontype)). Second, the simulation results
were validated by in-situ industrial experiments. The two methods confirmed that the heat recovery efficiencies of the flow fields from high to
low followed the order of Nontype, S-type, and O-type. Finally, heat recovery was carried out under the Nontype flow field in an industrial test.
The heat recovery efficiency increased from ~76% and ~78% to ~81% when the steel slag thickness decreased from 400 and 300 to 200 mm,
corresponding to reductions in the steel slag mass from 3.96 and 2.97 to 1.98 t with a blower air volume of 14687 m3/h. Therefore, the research
results showed that numerical simulation can not only guide experiments on waste heat recovery but also optimize the flow field. Most import-
antly, the method proposed in this paper has achieved higher waste heat recovery from hot steel slag in industrial scale.
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 1. Introduction

A  large  amount  of  energy  is  consumed  during  iron  and
steel smelting, which has become the key industry contribut-
ing to carbon emissions. China’s National Bureau of Statist-
ics states that more than half of the crude steel in the world
was produced in China (approximately 1033 million tons in
2021). The steel industry produced approximately 18% of the
national  carbon  emissions.  Reducing  CO2 emissions  is
strongly required to prevent global warming. Under these cir-
cumstances, China proposed the strategic goal of “emission
peak and carbon neutrality” in an attempt to develop techno-
logies for reducing CO2 emissions. The residual heat of steel
slag  is  a  promising  heat  energy  resource  that  can  be  re-
covered. Generally, the temperature of steel slag in the mol-
ten state is higher than 1400°C, and the calorific value of the
residual heat in steel slag is higher than that of other types of
residual  heat  [1–3].  The  released  heat  could  reach  1.6  GJ
when 1 t steel slag drops from 1400°C to room temperature
[4–5].  This  amount  of  released  heat  is  almost  equal  to  the
heat  released  by  burning  50–60  kg  of  standard  coal.
However,  the  current  steel  slag  treatment  technology  could
not realize heat  recovery on an industrial  scale,  resulting in
the  considerable  waste  of  more  than  five  million  tons  of

standard  coal  per  year.  As  a  result,  the  corresponding  in-
crease  in  CO2 emissions  reached  approximately  13  million
tons. Hence, heat recovery is crucial for carbon emission re-
duction.

The existing treatment technologies for steel slag (includ-
ing atmospheric hot stuffy self-disintegration, pressured hot
stuffy self-disintegration, high-pressure water steam, and at-
mospheric  aging  processes)  mainly  focus  on  the  separation
and utilization of slag and iron [6–11]. Although some heat
recovery methods for steel slag, including the air quenching
method, roller method, and methane reforming reaction, have
been conducted previously, they are limited to laboratory re-
search,  and  most  attempts  at  their  industrialization  have
failed. These processes require good slag fluidity, which de-
pends on high temperature and stable chemical compositions
[2,12–16]. However, the steel slag temperature always drops
rapidly, and the chemical compositions of steel slag are prone
to fluctuation, resulting in poor slag fluidity.  Therefore,  de-
veloping  a  suitable  heat  recovery  method  for  any  physical
state,  namely  solid,  semisolid,  and  liquid,  on  the  industrial
scale is urgently needed.

Granular beds are widely used as heat-transfer devices in
the  chemical  field,  metallurgy,  and  other  fields.  Normally,
heat transfer between particles involves conduction, convec- 
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tion, and radiation [17]. In addition to heat transfer between
contacting or adjacent particles, radiative heat transfer occurs
between noncontact  particles  [18–20].  This  type  of  transfer
becomes increasingly important with the increase in temper-
ature. Particularly, when the temperature exceeds 800°C, ra-
diative  heat  transfer  between  noncontact  particles  becomes
the  dominant  mode  of  heat  transfer.  Numerical  simulation
has become an important way to study heat transfer in high-
temperature  granular  beds  for  reducing  experimental  blind-
ness. By using computational fluid dynamics (CFD), Wang
et  al. [21]  investigated  forced  convection  heat  transfer  in  a
granular bed.  Abdulmohsin and Al-Dahhan [22] researched
the effect  of cooling gas flow rate and bed structure on the
convective heat transfer coefficient by using an experimental
device with a diameter of 0.3 m and experimental methods.
By  using  DEM–CFD  coupling  simulation  and  treating  the
filler  as  a  porous  medium,  Sharma et  al. [23]  explored  the
heat-transfer characteristics in a rectangular bed reactor filled
with spherical particles. Moreover, they compared the heat-
transfer characteristics predicted by porous media treatment
and DEM–CFD coupling methods. Their results showed that
the simulation calculation had high reliability when spherical
particles were taken as a porous medium.

In our previous work, we performed the industrial test of
heat recovery from hot steel slag under the O-type flow field
of granular beds [24]. In this work, we proposed S-type and
nonshielding  type  (Nontype)  flow fields  and  explored  their
effects on waste heat recovery from steel slag to identify the
optimal flow field type. To reduce blindness and optimize the
flow field for waste heat recovery, numerical simulation was
first used to predict the efficiency of waste heat recovery un-

der three different flow fields on the basis of the calculation
of  the  valid  thermal  conductivity  and effective  view factor.
Subsequently, an industrial test was conducted to verify the
simulation results. Finally, heat recovery on the assembly line
was carried out under the optimal flow field. This work may
provide a new idea for mutual verification between numeric-
al simulations and industrial tests to improve the success rate
of  industrial  tests  and  finally  realize  an  industrial  break-
through in heat recovery from hot steel slags.

 2. Heat recovery procedure

The image of steel slag heat recovery is shown in Fig. 1
(a). Accordingly, the chain grate machine was a cuboid with
a length of 3.0 m, a width of 1.5 m, and a height of 1.0 m.
Cooling air was blown from the bottom of the chain grate and
collected  by  the  pipeline  of  the  gas  fume  after  passing
through the hot steel slag. In this work, three flow fields of
the air inlet at the bottom of the chain grate, namely, O-type,
S-type,  and  Nontype,  were  designed  (Fig.  1(b)–(d)).  Their
actual physical pictures are given in Fig. 1(e)–(g). The ther-
mocouples located at A and B in Fig. 1(a) were used to meas-
ure  the  temperature  of  the  steel  slag  and  hot  gas  fume,  re-
spectively. The distance between the thermocouples located
at A and the cooling air inlet plane was 100 mm. The steel
slag temperature data were the thermocouple measurements.
Similarly,  the  temperature  of  high-temperature  air  was  the
measured  values  of  the  thermocouples  located  at  B.  Mean-
while, gas flowmeters were also installed at B to measure the
flow of the hot gas fume. During the experiments, steel slag
with a temperature of (1150 ± 20)°C (particle size ≤100 mm)
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Fig. 1.    (a) Schematic of heat recovery from hot steel slag, different flow field diagrams of (b) O-type, (c) S-type, and (d) Nontype,
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was placed in a chain gate machine and then separately piled
up to thicknesses of 200, 300, 400, and 500 mm (the corres-
ponding steel slag mass is 1.98, 2.97, 3.96 and 4.95 t). Next,
the cooling air entered from the bottom of the chain grate to
exchange heat with the hot steel slag. The blower air volumes
were  7866,  14687,  20075,  and  26500  m3/h,  respectively.
Heat recovery from steel slag could be calculated in accord-
ance with the hot air  flow volume, the temperature at  loca-
tion B, and other data.

 3. Model  establishment  and numerical  simula-
tion

In an effort to reduce blindness and optimize the flow field
of waste heat recovery, the numerical simulation based on the
established model was first used to predict the waste heat re-
covery under the three different flow fields.

 3.1. Model establishment

 3.1.1. Effective thermal conductivity of granular beds.
As we already described in the introduction section, heat

transfer includes convection, conduction, and heat radiation.
Radiative  heat  transfer  would  become  the  dominant  mode
when  the  material  temperature  exceeds  800°C.  In  addition,
the effective view factor and valid thermal conductivity of the
granular bed when the steel slag temperature reaches 1150°C
would be two important parameters for calculating gas–solid
heat transfer in the bed. In our previous work, the empirical
formula for the effective view factors of a binary-sized gran-
ular bed with a random distribution was obtained by fitting
the  Monte  Carlo  method  calculation  results.  The  corrected
formula of effective radiation thermal conductivity can be re-
ferred in our previous paper [25], which is helpful for the cal-
culation of heat transfer.
 3.1.2. Basic assumptions.

We  proposed  the  following  assumptions  to  simplify  the
simulation of steel slag cooling in a granular bed (chain grate
machine): (1) The chemical reaction between cooling air and
steel slag was not considered. (2) The contact thermal resist-
ance between steel slag particles was not considered. (3) Air
was  an  ideal  incompressible  gas.  (4)  The  characteristics  of
isotropic heat transfer for steel slag particles were the same,
with an initial temperature of 1150°C and uniform distribu-
tion. (5) The thickness of the chain grate was not considered.
 3.1.3. Basic equations

In the calculation of the heat transfer of hot steel slag and
air in the granular bed, the steel slag particles were regarded
as  a  whole  porous  medium.  Specifically,  the  heat  transfer
between steel slag particles and air  in the granular bed was
simulated by using a porous medium model. The simulation
test  was  conducted  in  accordance  with  the  actual  heat  ex-
change conditions, and the mathematical model is shown in
Fig. 2. The length and width of the model were 3 and 1.5 m,
respectively. The height dimension (z-axis direction) was the
steel slag’s thickness, and the cooling air entered from z = 0
and  flowed  along  the  positive z-axis  direction.  The  flow

fields of the air inlet were O-type, S-type, and Nontype, as in-
dicated in Fig. 1.

Heat transfer occurred between slag particles and air when
cooling air entered the granular bed. The air was in a turbu-
lent  flow state  when it  passed  through the  porous  medium,
and  the  steel  slag  temperature  decreased  with  time.  There-
fore, the unsteady-state model was adopted to solve the simu-
lation.  The  heat  transfer  in  steel  slag  cooling  conformed to
the air flow control formula.

(1) Mass conservation formula.
∂ρ
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(3) Energy conservation formula.

∂
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ν⃗

In Eq. (1) to (5), ρ is the air density, g·cm−3; t represents
time, s; u, v, and w represent the velocity components in the
x-axis, y-axis, and z-axis, respectively, m·s−1;  is the air ve-
locity, m·s−1; P represents the pressure, Pa; gm represents the
gravitational acceleration component in the direction of each
coordinate axis (m = x, y, z), m·s−2; T represents the air tem-
perature,  K; µ is  the  viscosity  coefficient; k represents  the
thermal conductivity, W·m−1·K−1; cp is the air’s specific heat
capacity, kJ·kg−1·K−1; xi and xj are coordinate positions (i, j =
1,  2,  and  3,  representing  the x, y,  and z directions,  respect-
ively),  m; ST is  the  entropy  value  of  air  at  temperature T,
J·mol−1·K−1.
 3.1.4. Heat transfer model

The steel slag in the granular bed was regarded as a whole
porous material. Therefore, in this work, the porous medium
model in the ANSYS Fluent software was used for the nu-
merical simulation of heat exchange. The model can be used
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to simulate working conditions with complex geometry, fine
pores, and large size differences but cannot be solved by grid
division. The simulation method for the porous media model
regarded the solid phase in the flow region as the resistance
applied to the fluid. Furthermore, the resistance effect, such
as gas penetration through the particle accumulation bed, was
considered.  Therefore,  the  model  was  very  suitable  for  the
experimental process of this work.

The different geometric lengths (such as the size of pores)
and physical properties of steel slag and cooling air (i.e., the
temperature difference between the porous skeleton and flu-
id)  could  lead  to  the  local  temperature  difference  between
these two phases. Therefore, the nonequilibrium model in the
ANSYS Fluent software was adopted.
 3.1.5. Boundary conditions

The working conditions of waste heat recovery from steel
slag under three flow fields are exhibited in Table 1, and the
heat-transfer simulation was performed on the basis of these
data. The initial temperature (25°C) and flow rate of air at the
inlet could be set by CFD in Fluent Software. The simulated
outlet was a free boundary condition, and the air flowed out
under the action of pressure.

 3.2. Numerical simulation of steel slag heat recovery

In accordance with the description given in Section 2, the
flow  field  of  the  air  inlet  under  the  O-type  was  relatively
complex  such  that  the  air  flow  velocity  and  temperature
change may be relatively complex in steel slag heat recovery.
To  clarify  the  air  velocity  and  temperature  change  during

heat  exchange,  the  variation in  the  velocities  and temperat-
ures of cooling air with position and time were simulated un-
der an O-type flow field.
 3.2.1. Process simulation under the O-type flow field

The  cloud  diagram  of  cooling  air  velocity  at  different
planes along the z-axis in the O-type flow field is shown in
Fig. 3. The Fig. 3(a) illustrates that the velocity of air at the
bottom  (z =  0)  hollow  part  (red  area)  was  large  and  then
gradually decreased when air passed through the slag at z =
200 mm (Fig. 3(b)) and z = 400 mm (Fig. 3(c)). However, the
velocity of air passing the O-type baffle at z = 0 plane was ba-
sically 0 (blue area), so that the steel slag located on the baffle
cannot  adequately  undergo  convective  heat  exchange  with
air. Fig. 3(c) depicts that the air velocity became more uni-
form  when  it  passed  through  the  porous  area.  Specifically,
the velocity above the O-type baffle gradually increased and
that in the hollow part gradually decreased. Meanwhile, the
results also indicated that the overall air velocity along the z-
axis was reduced due to blockage by the O-type baffle and
steel slag particles.
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Fig. 4 shows the vector diagram of cooling air velocity in
cross-section x = 0 at 5400 s. The air speed decreased greatly
and flowed along the y-axis direction after the air entered the
bed due to the barrier imposed by the baffle. Then, the flow
velocity  in  the  porous  region  (steel  slag)  gradually  became
uniform  and  only  flowed  along  the z-axis  direction,  which
took a greater role in the heat transfer of steel slag. This res-
ult was consistent with the finding shown in Fig. 3.

Fig. 5 shows the variation in the temperatures of steel slag
and air along the line of the y-axis (x = 0, z = 0, −1.5 m < y <
1.5 m) at 5400 s. Clearly, the temperature distribution of steel
slag had the same trend as that of the air. These trends were

symmetrically distributed with y = 0 as the center. The peak
value  of  the  temperature  plot  in Fig.  5 corresponded to  the
position of the O-type baffle. This characteristic could be at-
tributed to the low air flow velocity and insufficient heat ex-
change with steel slag at the baffle, which resulted in a low
cooling speed and a high temperature of the steel slag. Simil-
arly, because of the low air flow velocity, less air was avail-
able  for  heat  exchange with  the  steel  slag at  the  same time
period,  thus  resulting  in  higher  air  temperature.  Therefore,
the baffle would hinder heat transport between air and slag.
That is, the effect of heat transport between air and slag on
the upper part of the baffle was insufficient.

Table  1.      Working  conditions  of  waste  heat  recovery  from
steel slag under three flow fields

Experiment conditions O-type S-type Nontype
Blower air volume / (m3∙h−1) 14687 14687 14687
Steel slag thickness / mm 400 400 400
Steel slag mass / t 3.96 3.96 3.96
Area of air passing through the
bottom of the chain grate / m2 3.01 3.27 4.50
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 3.2.2. Simulation  of  the  effect  of  different  flow  fields  on
waste heat recovery

To investigate the effect of flow fields on slag heat recov-
ery,  the change in  air  temperature  during steel  slag cooling
under the O-type, S-type, and Nontype flow fields was first
simulated (Fig. 6). The air temperature was the highest at the
beginning  of  the  calculation.  With  the  prolongation  of  heat
exchange  time,  the  heat  of  the  steel  slag  was  gradually  re-
moved by the air, thus reducing the temperature of the steel
slag. Therefore, the air temperature also decreased gradually.
Fig.  6 shows  that  the  maximum  air  temperature  under  the
three different flow fields differed. The highest temperature
values  were  approximately  450,  410,  and  370°C  under  the
Nontype,  S-type,  and  O-type  flow  fields,  respectively.

Moreover, under the same experimental time conditions, the
air temperature under the Nontype flow field was always the
highest, whereas that under the O-type flow field was always
the lowest. In accordance with the simulation calculation res-
ults presented in Section 3.2.1, the baffle at the air inlet of the
chain grate bottom will affect the heat exchange between the
steel slag and air. Table 1 shows that the inlet area of the O-
type  flow field  yielded  the  smallest  value  of  only  3.01  m2.
This result, in turn, indicated that the shielding area was the
largest. Therefore, given that the steel slag on the baffle could
not fully exchange heat with the cooling air under the same
blower air  volume, the smaller the shielding area,  the more
heat transport between the cooling air and steel slag, and then
the higher the temperature. Finally, the air temperature under
the Nontype flow field was the highest under the same exper-
imental conditions.

In addition, the heat exchange process could be divided in-
to two stages in accordance with the rate of the decline in air
temperature, as shown in Fig. 6: the front stage of the former
2500 s and the rear stage of the latter 2900 s. The decline rate
of air temperature was high in the front stage and was highest
under the Nontype flow field. In the rear stage, the rate of de-
cline gradually flattened. At the end of the calculation, the air
temperature  under  the  three  flow  fields  became  very  close
within a range of 30–50°C. Generally, in the early stage, the
temperature  difference  between  the  steel  slag  and  air  was
large such that the obtained heat of the air was considerably
higher under the same flow and time, and the cooling of the
steel  slag  was  rapid,  thus  resulting  in  the  larger  rate  of  de-
cline in air temperature. However, in the later stage, the tem-
perature difference became small, and the cooling of the steel
slag  also  decelerated.  Therefore,  the  rate  of  decline  in  the
cooling air temperature was reduced accordingly.

The heat absorbed by cooling air is proportional to the in-
tegral of the temperature curve from 0 to 5400 s. Therefore,
under the Nontype flow field,  the heat absorbed by air  was
the  largest,  and  the  corresponding  heat  recovery  efficiency
should also be the highest. The absorbed heat was the smal-
lest under the O-type flow field. Therefore, the correspond-
ing heat  recovery efficiency should also be the lowest.  The
heat  recovery  efficiencies  under  different  flow  fields  were
calculated in accordance with Eqs. (6)–(8), and the results are
shown in Fig. 7.
Qt = cama(Tt −Ta0) = caρaVadt( f (t)−Ta0) (6)
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Qa =
w t

0
Qtdt =

w t

0
(caρaVa f (t)− caρaVaT0)dt =w t

0
(caρaVa f (t)dt− caρaVaT0dt) =w t

0
caρaVa f (t)dt−

w t

0
caρaVaT0dt (7)

η =
Qa

Qst
×100% (8)

where Qt is the recovered heat with the experiment proceed-
ing to t s, kJ; ca represents the air specific heat capacity at the
average temperature, kJ/(kg·°C); t represents the experiment-
al  procedure  time,  s; Tt (f(t))  is  the  air  temperature’s  time
tested under point B at t s, °C; ma represents the mass of air,
kg; ρa represents the density of air at the average temperature,
kg/m3; Va represents the average air flow determined at point
B, m3/h; Ta0 is the room temperature, i.e., 25°C; Qa represents
the heat consumed by air throughout the experiment, kJ; and
Qst is the released total heat of the slag during the temperat-
ure change from 1150 to 25°C, kJ.

The heat  recovery efficiency was clearly the highest  un-
der the Nontype flow field and, consistent with the previous
analysis, was the lowest under the O-type flow field. The re-
covery efficiencies were approximately 65%, 63% and 60%
under the Nontype, S-type, and O-type flow fields, respect-
ively.

 4. Validation  of  the  simulation  and  the  indus-
trial test
 4.1. Industrial  validation  of  the  numerical  simulation  of
heat recovery under different flow fields

The calculation results in Section 3.2.2 showed that the air
temperature and heat recovery efficiency of the Nontype flow
field were the largest. To verify the feasibility of the calcula-
tion  results  in  actual  production,  industrial  experiments  on
steel slag heat recovery were carried out under three different
flow fields  at  a  blower  air  volume of  14687  m3/h  and  slag
thickness of 400 mm. As shown in Fig. 8(a), the air temperat-
ure under different flow fields first increased rapidly to their
maximum values and then decreased slowly. Moreover, sim-
ilar  to  the  calculation  results,  the  air  temperature  under  the
Nontype flow field was always the highest during the whole
experimental  process.  This  phenomenon  was  related  to  the
sufficient heat exchange between air and steel slag. However,
the experimental results of the O-type and S-type flow fields
were slightly different from the calculated results. From the
beginning to 1600 s of the process, the air temperature under
the O-type flow field was larger  than that  under  the S-type
flow field. After 1600 s, the air temperature under the S-type
flow field was larger than that  under the O-type flow field,
the same as the calculation results. Fig. 8(a) shows that the air
temperature under the S-type flow field was abnormal;  that
is,  it  suddenly  decreased  then  suddenly  increased  when the
experiment lasted for approximately 200 s, likely due to the
sudden increase in air volume caused by the vibration of the
equipment  or  the  instability  of  the  blower  air  volume.  The
above reasons might also account for the lower air temperat-
ure of the S-type flow field than that of the O-type flow field
in the first 1600 s of the experiment. In addition, similar to
that depicted in Fig. 6, the air temperature could also be di-
vided  into  two  stages.  Namely,  the  rate  of  temperature  de-
cline was large in the first 2500 s and gradually flattened in
the later 2900 s of the experiment.

Subsequently,  the  efficiency  of  steel  slag  heat  recovery
under the three flow fields was calculated, and the results are
given in Fig. 8(b). The heat recovery experiments under the
Nontype flow field had the highest heat efficiency of approx-
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imately 77%. However, the heat recovery experiments under
the  O-type  flow field  had  the  lowest  heat  efficiency  of  ap-
proximately 73%. The above results conformed to the above
calculation results (Section 3.2.2);  that is,  the heat recovery
efficiency from high to low followed the order of Nontype,
S-type,  and  O-type.  Therefore,  the  simulation  calculation
used in this study can well guide engineering practice.

 4.2. Industrial  test  of  heat  recovery  from  hot  steel  slag
under the Nontype flow field

To  realize  the  breakthrough  in  heat  recovery  from  steel
slag, an industrial test under the optimal flow field (Nontype)
was carried out, as described in the following section.
 4.2.1. Effect of blower air volume

The air temperature at different blower air volumes is de-
picted in Fig. 9(a). Notably, the steel slag thickness was 400
mm, which corresponded to a mass of 3.9 t. Fig. 9(a) clearly
shows that the air temperature increased rapidly at first, then
decreased  sharply,  and  finally  became  almost  unchanged.
The  initial  increase  in  temperature  can  be  attributed  to  the
hysteresis in thermocouple temperature measurement. In ad-
dition, the maximum temperature of air differed at different
blower air volumes. Specifically, the maximum air temperat-
ure could reach ~480°C at  an air  volume of  7866 m3/h  but

was only ~380°C at an air volume of 26500 m3/h, likely be-
cause  the  total  heat  obtained  by  the  air  certainly  originated
from the same amount of hot steel slag. Hence, with the in-
crease in blower air volume, the amount of air used to cool
the steel slag increased. The air temperature decreased with
the  increase  in  air  volume.  In  addition,  the  temperature  de-
cline rate can be divided into two stages,  with a higher de-
cline  rate  in  the  first  2500  s  stage.  Meanwhile,  an  obvious
phenomenon could be observed from Fig. 9(a): The air tem-
perature at lower blower air volumes was always higher than
that at larger air flows in the stable stage (after ~1000 s). This
phenomenon would continue until the end of the experiment.
The heat released by the 3.96 t steel slag during cooling from
1150°C  to  room  temperature  could  be  determined  on  the
basis  of  the  heat  calculation  formula  of Q =  cm(Tsi − Ts0)
(where Q is  released heat  of  steel  slag,  kJ; c is  the specific
heat capacity of steel slag, kJ/(kg·°C); m is the mass of steel
slag,  kg; Tsi is  the  initial  temperature  of  steel  slag  before
waste heat recovery, 1150°C; Ts0 is room temperature, 25°C).
In  short,  under  the  same test  conditions,  the  smaller  the  air
flow  used  to  cool  the  steel  slag,  the  less  the  heat  removed
from the steel slag within the same time, and the more the rest
heat of the steel slag. This characteristic resulted in the high
air temperature at low blower air volumes.
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The heat recovery efficiency is exhibited in Fig. 9(b). Ac-
cordingly,  the  value  of  heat  recovery  efficiency  first  in-
creased,  then  plateaued  with  the  increase  in  blower  air
volume, demonstrating that the blower air volume had an im-
portant influence on the efficiency of heat recovery from hot
steel  slag.  Specifically,  the  increase  in  blower  air  volume
from 7866 to 14687 m3/h resulted in a steep increase in heat
recovery efficiency from ~45% to ~77%. Then, with the fur-
ther increase in air volume to 26500 m3/h, the heat recovery
efficiency was maintained at ~79%. Under the same heat ex-
change  time,  the  obtained  heat  of  the  cooling  air  increased
when the air flow increased. Therefore, more heat in the steel
slag  was  removed  within  the  same  test  time,  resulting  in  a
low  slag  temperature.  Meanwhile,  the  radiant  heat  loss  of
low-temperature  steel  slag  was  smaller.  The  above  reasons
led to high heat recovery efficiency with large air flow.

The purpose of this work is to realize effective heat recov-

ery.  The  relationship  between  heat  recovery  efficiency  and
blower air volume should also be taken into account. There-
fore, the optimal blower air volume was set to 14687 m3/h.
 4.2.2. Effect of the thickness of the hot steel slag

As  illustrated  in Fig.  10(a),  we  also  investigated  the
changes in air temperature at different steel slag thicknesses
(200,  300,  400,  and  500  mm,  corresponding  to  1.98,  2.97,
3.96,  and  4.95  t  in  mass,  respectively)  and  a  blower  air
volume  of  14687  m3/h.  Similar  to  the  results  shown  in
Fig. 9(a), the air temperature also increased rapidly in the ini-
tial  stage and decreased slowly after reaching its  maximum
value. Within ~260 s, the temperature reached its maximum
values  of  ~345,  ~409,  ~443,  and  ~453°C  at  the  steel  slag
thicknesses of 200, 300, 400, and 500 mm, respectively. As
described in Section 4.2.1, air temperatures increased rapidly
in  the  initial  stage  of  the  experiment  due  to  the  hysteresis
caused by thermocouple measurement. Fig. 10(a) also illus-
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trates that the decline rate of air temperature differed at dif-
ferent  times  due  to  the  difference  between  the  slag  and  air
temperatures.  In  addition,  the  air  temperature  started  to  de-
crease after  ~260 s,  and its  decline rate increased when the
steel slag thickness decreased. Specifically, when the experi-

ment  was  performed  for  2500  s,  the  air  temperatures  de-
creased from their maximum values to ~260, ~215, ~170 and
~130°C  at  the  different  steel  slag  thicknesses  of  500,  400,
300, and 200 mm, respectively. At the end of the test (5400
s), the air temperatures were ~200, ~120, ~88, and ~55°C.
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As shown in Fig. 10(b),  the heat recovery efficiency de-
creased from ~81% and ~78% to ~76% when the steel slag
thickness was increased from 200 and 300 to 400 mm. When
the  slag  thickness  increased  to  500  mm,  the  recovery  effi-
ciency decreased sharply to ~54%. Under the same air flow
rate, the amount of air (equivalent unit slag mass) increased
with the decrease in slag amount. Hence, at the same blower
air volume, the cooling speed of the steel slag was rapid when
the thickness of the steel slag was smaller (i.e., a smaller mass
of steel slag), resulting in higher heat recovery. Meanwhile,
with the reduction in time, the heat transport between the slag
and  the  surrounding  environment  decreased,  thus  reducing
heat loss. Finally, on the basis of the above factors, the value
of heat recovery efficiency reached the maximum when the
slag  thickness  was  200  mm.  When  the  thickness  was  in-
creased to 300, 400, and 500 mm, the amount of air required
for cooling the steel slag decreased, which extended the cool-
ing  time.  Additionally,  with  the  increase  in  the  steel  slag
thickness, the air resistance increased, leading to an increase
in air loss, i.e., a reduction in air flow through point B (Fig.
11),  ultimately  leading  to  a  reduction  in  the  efficiency  of

waste heat recovery from the steel slag.
Existing reports show that the efficiency of heat recovery

from  slag  is  between  40%  and  75%  [14,26–28].  The  effi-
ciency in this work reached 77%–79%. First, through numer-
ical  simulation,  we identified  the  flow field  of  the  granular
bed  that  was  most  conducive  to  waste  heat  recovery  from
steel slag. Second, the heat exchange granular bed was well
sealed in the experimental process. This condition also con-
tributed to heat recovery from steel slag. Therefore, the waste
heat  recovery  efficiency  obtained  in  this  work  was  higher
than that reported in the literature.

 5. Conclusions

Heat  recovery  from hot  steel  slag  in  a  granular  bed was
conducted through a combination of simulation calculations
and industrial tests.  Under the industrial test conditions, the
steel  slag  particles  in  the  granular  bed  were  regarded  as  a
whole porous media, and heat transport between the slag and
cooling air was simulated by using an unsteady-state model
in  Fluent  Software.  The  simulation  results  showed  that  the
baffle of the air inlet hindered heat transport between the air
and slag, conferring the steel slag and air with a higher tem-
perature than the region where air can pass directly. The sim-
ulation  and  experimental  results  confirmed  that  under  the
same experimental conditions, the heat recovery efficiency of
the Nontype flow field was the highest, followed by that of
the S-type and O-type flow fields. The results of the industri-
al tests demonstrated that the blower air volume and the steel
slag thickness (mass) had important effects on heat recovery.
At the same steel slag thickness of 400 mm, the heat recov-
ery  efficiency  increased  from  ~45%  to  ~79%  with  the  in-
crease in the blower air volume from 7866 to 26500 m3/h. At
the same blower air volume, the heat recovery efficiency in-
creased  from  ~54%  to  ~81%  with  a  decrease  in  steel  slag
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thickness from 500 to 200 mm (mass from 4.95 to 1.98 t). In
summary, the research results reported in this paper showed
that  numerical  simulations  can  optimize  the  flow  field  and
guide  the  industrial  test  of  heat  recovery  from  steel  slag.
Moreover, an industrial breakthrough in high-efficiency heat
recovery from steel slag was achieved.
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