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a b s t r a c t

Steel slag filters, if well designed and operated, may upgrade phosphorus removal in small wastewater
treatment plants such as stabilization ponds and constructed wetlands. The main objective of this study
was to develop a systemic modelling approach to describe changes in the hydraulic performances and
internal hydrodynamics of steel slag filters under real dynamic operating conditions. The experimental
retention time distribution curves (RTD curves) determined from tracer experiments performed at
different times during the first year of operation of two field-scale steel slag filters were analyzed
through a three stage process. First, a statistical analysis of the RTD curves was performed to determine
statistical parameters of the retention time distribution. Second, classical tanks in series (TIS) and plug
flow with dispersion (PFD) models were used to obtain a first evaluation of the dispersion and mixing
regime. Finally, a multi-flow path TIS model, based on the assumption of several flow paths with
different hydraulic properties, is proposed to accurately describe the internal hydrodynamics. Overall,
the results of this study indicate that higher CaO content, round shape, and larger grain size distribution
of steel slag may promote plug-like flow rather than dispersion. The results of the multi-flow path TIS
model suggest that the internal hydrodynamics of steel slag filters can be primarily described by two
main flow paths: (i) a faster main flow path showing higher plug flow, followed by (ii) a slower sec-
ondary flow path showing higher dispersion. The results also showed that internal hydrodynamics may
change over time as a consequence of physical-chemical phenomena occurring in the filter, including
accumulation of precipitates, slag hydration and carbonation, and particle segregation.
1. Introduction

Several studies have demonstrated that the addition of separate
filter units containing steel slag as reactive material can upgrade
phosphorus (P) removal in small wastewater treatment plants
(WWTPs) such as stabilization ponds and constructed wetlands
(CWs) (Vohla et al., 2011). The main mechanism of P removal is
related to dissolution of CaO slag followed by precipitation of Ca-P
and the accumulation of Ca-P precipitates in the filters (Claveau-
Mallet et al., 2012; Barca et al., 2014). However, most of these ex-
periments were performed at laboratory scale under controlled
temperature conditions and using synthetic P solutions, and only a
few field-scale experiments have been conducted under real
ca).
operating conditions (Shilton et al., 2006; Lee et al., 2010; Barca
et al., 2013). There is therefore a lack of data in the literature con-
cerning the long term hydraulic and treatment performances of
full-scale systems.

The hydraulic performances of filter units are usually evaluated
by analyzing the experimental retention time distribution curves
(RTD curves), which are often determined by measuring the tracer
response at the outlet of the filters after impulse tracer injection at
the filter inlet (Headley and Kadlec, 2007). Two classical hydrody-
namic models are commonly used to describe the experimental
RTD curves of real reactors: (i) the tanks in series model (TIS),
which is based on the assumption of a series of N continuously
stirred tank reactors (CSTR) of the same volume, and (ii) the plug
flow with axial dispersion model (PFD), which is based on the hy-
pothesis of a simple convective plug flow affected by axial disper-
sion. Indeed, the use of the classical TIS and PFDmodels can provide
a first evaluation of the dispersion and mixing regime in the filters
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(Chazarenc et al., 2003; Bonner et al., 2017).
However, several authors have shown that the classical TIS and

PFD models often do not accurately accommodate high, early,
multi-peaks, and long tails of experimental RTD curves (Werner
and Kadlec, 2000; García et al., 2004), resulting in only rough
estimation of the internal hydrodynamics of wastewater treatment
filters. Moreover, it should be noted that numerous biological and
physical-chemical phenomena, including biofilm growth, vegeta-
tion growth, inert accumulation, precipitation and accumulation of
precipitates, and particle segregation can have a direct influence on
changes in the porosity and pore size of the filters, thus affecting
internal flow transport patterns and modifying internal hydrody-
namics (Maloszewski et al., 2006; Suliman et al., 2006; Ríos et al.,
2009; Sams�o et al., 2016). In addition, most of these phenomena
can be affected by changes in temperature and/or organic and
inorganic loads (Mu~noz et al., 2006; Rizzo et al., 2014). Conse-
quently, there is a need to develop more complex dynamic models
to better describe the changes in internal hydrodynamics under
real operating conditions (Kumar and Zhao, 2011; Nivala et al.,
2012; Meyer et al., 2015). A wide range of more complex models,
including TIS with delay, TIS with exchange zones, multi-flow path
PFD, and/or networks of TIS and PFD, have been proposed to
describe the experimental RTD curves of wastewater treatment
filters (Werner and Kadlec, 2000; García et al., 2004; Maloszewski
et al., 2006; Zeng et al., 2013).

The main objective of this study was to develop a systemic
modelling approach to describe changes in the hydraulic perfor-
mances and internal hydrodynamics of steel slag filters under real
operating conditions. Two field-scale steel slag filters, one filled
with electric arc furnace slag (EAF filter), the other filled with basic
oxygen furnace slag (BOF filter), were designed to treat the effluent
of a CW. The design of the filters and the experimental results are
detailed in Barca et al. (2013). Tracer experiments were conducted
at different times during the first year of operation, and the
experimental RTD curves were plotted. Filter hydrodynamics and P
removal kinetics had already been modelled using a plug flow with
dead volume model and a first order kinetic equation (Barca et al.,
2013). In the present study, the experimental RTD curves were
further examined in order to build a more complex dynamic model
to describe the changes in the internal flow patterns.

A systemic modelling approach was used involving knowledge
of chemical reactor engineering applied at three different scales of
investigation. First, a statistical analysis of the experimental RTD
curves was carried out to determine statistical parameters
including the mean retention time, the variance of the distribution,
and the hydraulic efficiency of the filters. Second, classical TIS and
PFD models were used to obtain a preliminary evaluation of the
dispersion and mixing regime, and to identify the type of model
that best describes the experimental RTD curves. Finally, a multi-
flow path TIS model, based on the assumption of several flow
paths with different hydraulic properties, was developed to
describe changes in internal hydrodynamics and flow patterns.

The results of this study provide useful information to under-
stand changes in the hydraulic performances of steel slag filters in
real operation mode. Knowledge and understanding of hydraulic
behavior under real operating conditions is indispensable to
improve the design and operation of the filter system.

2. Material and methods

2.1. Filter design and operation

Two field-scale steel slag filters each with a total volume of 6 m3

(length 5.7 m, width 2.1 m, height 0.5 m) were designed to upgrade
P removal in a municipal wastewater treatment CW (La Motte
d’Aigues, France, 1050 people equivalent (p.e.), 150 L/(p.e. *d)). One
of the filters was filled with EAF slag (EAF filter), the other with BOF
slag (BOF filter). Fig. S1 shows the grain size distribution of the steel
slag used to fill the filters (supplementary material). The granular
range 20e40 mm represented 96.8% and 77.9% of the total weight
of EAF and BOF slag, respectively. The initial filter porosity of both
filters was about 0.5, thus resulting in an initial void volume of
about 3 m3 for each filter.

The steel slag filters were fed with a fraction (2e4%) of the
effluent from the CW and operated according to a horizontal sub-
surface flow and batch loads (24 batches/day) to simulate typical
CW-feed. During the first nine weeks of operation, the volume of
each batch loadwas calibrated to 120 L, thus leading to a theoretical
hydraulic retention time based on the initial void volume (HRTv) of
24 h. The HRTv was then increased to 48 h after nine weeks (week
9) of operation to evaluate the effect of HRTv on P removal. Further
details on the design and operation of the filter, as well as the main
results of P removal performances, are given in a previous research
paper (Barca et al., 2013).
2.2. Tracer experiments

Tracer experiments were performed in weeks 1 (Sept. 25e29,
2010), 9 (Nov. 22e25, 2010), 22 (Feb. 21e25, 2011), and 29 (Apr.
11e14, 2011) of operation to evaluate the hydraulic performances of
the filters and changes over time. The HRTv was set to 24 h during
each tracer test to compare the results of the different experiments.
Five liters of a solution of 1 g fluorescein/L were instantaneously
injected at the inlet of each filter (5 g fluorescein/filter). The con-
centrations of outlet tracer were then monitored until more than
90% of the mass of the tracer was recovered (48 h after injection of
the tracer), and the concentrations of outlet tracer were plotted as a
function of time.
2.3. Statistical analysis of retention time distribution

The hydraulic retention time distribution function E(t) (1/h) was
obtained from the experimental results of the tracer experiments
using equation (1), where C(t) is the outlet tracer concentration (g/
L) at time t (h).

EðtÞ ¼ CðtÞZ
CðtÞ,dt

(1)

E(t) is a probability density function that represents the fraction
of water that has a retention time less than t (Levenspiel, 1999).
Next, the mean retention time t (h), which represents the average
time the water remains in the filter, was obtained by equation (2).

t ¼
Z

t,EðtÞ,dt (2)

For each experiment, the variance of the retention time distri-
bution s2 (h2) was calculated by equation (3). s2 is an important
parameter to assess the hydraulic performance of a filter, as it can
be used as statistical indicator to evaluate the dispersive processes
in the filter.

s2 ¼
Z

ðt � tÞ2,EðtÞ,dt (3)

The hydraulic efficiency parameter l (�) was calculated by
equation (4), where tP is the peak tracer concentration time (h).
Hydraulic efficiency l is usually used to evaluate both the effective
volume utilization and the shape of the tracer response (García



et al., 2004).

l ¼ tP
t

(4)

According to Persson et al. (1999) hydraulic efficiency is good
when l > 0.75, satisfactory when 0.5 < l � 0.75, and poor when
l � 0.5.
2.4. Classical TIS and PFD models

The TIS and PFD models were used to describe the experimental
E(t) and to give a first estimation of the dispersion and mixing
regime in the steel slag filters.

The TIS model is based in the assumption of a series of N CSTRs
of the same volume, where N is defined as the number of TIS. The
retention time distribution function E(t) for the TIS model can be
determined by analytical resolution of a system of N equations of
tracer mass balance, one equation for each CSTR. The behavior of a
real reactor tends to the ideal plug flow reactor ifN tends to infinity.
However, if N is equal to 1, the reactor is an ideal CSTR.

The PFDmodel is based on the hypothesis of a simple convective
plug flow reactor in which the retention time distribution of the
molecules of water is affected by the axial dispersion phenomenon.
The dispersive flow conditions in real filters are usually evaluated
by the dimensionless P�eclet number Pe (�), as shown in equation
(5), where U is the actual flow speed (m/s), l is the length of the
filter (m) and D is the axial dispersion coefficient (m2/s).

Pe ¼ U,l
D

(5)

As shown in equation (5), Pe increases with decreasing D. The
behavior of a real reactor tends to the ideal plug flow reactor when
Pe tends to infinity and D tends to zero. In open boundary condi-
tions, the retention time distribution function E(t) for the PFD
model can be determined analytically by equation (6), which shows
the tracer mass balance for a generic infinitesimal section of reactor
dx.

U,
vC
vx

� D,
v2C
vx2

þ vC
vx

¼ 0 (6)

In this study, retention time distribution functions E(t) for the
PFD and TIS models, as well as the optimum values for Pe and N,
were determined by simulation and optimization of experimental
E(t) using the commercial software DTS-pro (PROGEPI, Nancy,
France).

The Theil inequality coefficient (TIC) was used as a statistical
indicator to evaluate the agreement between experimental and
modelled E(t). For each experiment, the TIC coefficient was calcu-
lated by equation (7), where yi and ym,i represent experimental and
modelled data, respectively.

TIC ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
i

�
yi � ym;i

�2r
ffiffiffiffiffiffiffiffiffiffiffiffiP

iy
2
i

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
iy

2
m;i

q (7)

A value of TIC below 0.3 usually indicates good agreement be-
tween experimental and modelled data (Hvala et al., 2005).
3. Results and discussion

3.1. Statistical analysis of retention time distribution

The experimental E(t) for tracer experiments performed at
different times during the operation of the EAF and BOF filters are
shown in Fig. 1a and b, respectively. With the exception of the EAF
filter in week 29, the experimental E(t) showed only one main peak
ranging from 12 to 16 h and from 14 to 22 h after injection of tracer
for the EAF and BOF filter, respectively.

The main results of the statistical analyses of retention time
distribution are summarized in Table 1. With the exception of the
experiments performed in week 29, the EAF filter showed lower t
and higher s2 than the BOF filter. Overall, t ranged from 16.8 to
23.4 h for the EAF and from 18.5 to 25.2 h for the BOF filter. These
values of t are close to the value of HRTv (24 h), thus suggesting
good hydraulic efficiency of the filters. The s2 values ranged from
51.4 to 68.7 h2 and from 32.7 to 53.4 h2 for EAF and BOF filter,
respectively. These results suggest a wider distribution of retention
time for the EAF filter than for the BOF filter. In addition, the results
in Table 1 show a clear tendency of s2 to decrease with decreasing
air temperature in both the filters. Most probably, the higher water
viscosity at lower temperature had the effect of limiting the
dispersion phenomena, thus leading to shorter s2. The values of l
ranged from 0.69 to 0.85 for the EAF filter and from 0.75 to 0.92 for
the BOF filter (Table 1). Overall, these values confirm the good
hydraulic efficiency of both the filters, although the BOF filter
performed better than the EAF filter.

Statistical differences in the retention time distribution between
the EAF and BOF filters were most probably related to the different
shape and grain size distribution of the slag, as shown in Fig. S1. It is
likely that the larger grain size distribution of the BOF slag resulted
in a smaller pore size with smaller grains occupying the spaces
between the larger grains. As a result, the smaller pore size in the
BOF filter had the effect of reducing preferential paths, thus leading
to lower s2 and higher l, and keeping t close to the value of the
theoretical HRTv. In addition, the nearly round shape of the BOF
slag may also have promoted a more uniform flow distribution,
whereas the square shape of the EAF slag may have favored chan-
neling, thus leading to less efficient use of the volume. The actual
working volumes of the filters, based on the inlet flowand t, ranged
from2.09 to 2.81m3 and from2.22 to 3.28m3 for EAF and BOF filter,
respectively (Table 1). The actual working volume of the BOF filter
decreased over time, probably related to a decrease in porosity due
to accumulation of suspended solids and/or P precipitates during
operation. Moreover, CaO slag hydration and/or carbonation during
filter operation most probably increased the volume of the slag
grains, thereby further reducing the void volume of the filter (Wang
et al., 2010). Hence, the higher CaO slag content of the BOF slag
(Barca et al., 2013) may account for the decrease in the actual
working volume that was observed in the BOF filter. As can be seen
in Fig. 1b, the left-to-right shift of the main tracer peak appears to
further confirm the reduction in the porosity of the BOF filter over
time. In contrast, the variation in the working volume in the EAF
filter did not appear to be directly related to time, suggesting that
more complex phenomena such as changes in preferential flow
paths and/or particle segregation and/or channeling account for
changes in the hydraulic behavior of EAF filter during its operation.

It should however be noted that the two filters showed no sig-
nificant differences in P removal during the first 29 weeks of
operation (Barca et al., 2013), thus indicating that the amounts of P
accumulated over time in the EAF and BOF filters were very similar
and hence do not account for the differences in hydraulic behavior
between the two filters.

3.2. Classical TIS and PFD models

The TIS and the PFD models were used to describe experimental
E(t) of EAF and BOF filters. The modelled E(t) for the EAF and BOF
filters are shown in Figs. 2 and 3, respectively, and the main TIS and



Fig. 1. Changes in experimental E(t) for the EAF filter (a) and BOF filter (b) during their operation (experimental data, the dotted lines are there to facilitate interpretation).

Table 1
Main results of statistical analyses of retention time distribution.

Week of operation Average air temperature (�C) Filter Mass recovery (%) t (h) l (�) s2 (h2) Actual working volume (m3)

1 13.3 EAF >99 16.8 0.71 64.2 2.18
BOF 94.5 25.2 0.87 38.9 3.28

9 4.8 EAF 98.4 20.6 0.77 51.4 2.66
BOF 98.9 21.8 0.92 32.7 2.83

22 11.6 EAF >99 17.4 0.69 60.8 2.09
BOF >99 19.0 0.84 44.2 2.28

29 21.2 EAF >99 23.4 0.85 68.7 2.81
BOF >99 18.5 0.75 53.4 2.22

Fig. 2. Experimental and modelled E(t) for the EAF filter: (a) week 1 of operation; (b) week 9; (c) week 22; (d) week 29.



Fig. 3. Experimental and modelled E(t) for BOF filter: (a) week 1 of operation; (b) week 9; (c) week 22; (d) week 29.
PFD model results are listed in Table 2.
When the TIS model was used, N varied from 5 to 9 for the EAF

filter and from 8 to 15 for the BOF filter (Table 2). When the PFD
model was used, Pe varied from 7.53 to 14.7 for the EAF filter and
from 12.8 to 27.8 for the BOF filter. Overall, these results suggest
higher plug flow and lower dispersion in the BOF filter than in the
EAF filter, which is consistent with the results of the statistical
analyses of retention time distribution (Table 1). The results in
Table 2 also show a clear tendency of Pe to increase with decreasing
temperature. This confirms that the decrease in temperature ac-
counts for the decrease in dispersion phenomena in the filters.
Overall, TIC values indicate that the TIS model fits the experimental
results better than the PFD model (Table 2). This is in good agree-
ment with the results of previous studies showing that the TIS
model represents the hydrodynamics of horizontal flow CWs more
Table 2
Main results of simple TIS and PFD models.

Week of operation Filter TIS model PFD model

N TIC Pe TIC

1 EAF 5 0.195 7.53 0.281
BOF 15 0.148 26.3 0.198

9 EAF 9 0.129 14.7 0.203
BOF 15 0.087 27.8 0.153

22 EAF 7 0.276 9.96 0.342
BOF 10 0.216 17.0 0.274

29 EAF 7 0.118 10.9 0.186
BOF 8 0.194 12.8 0.261
accurately than the PFDmodel (Chazarenc et al., 2003; García et al.,
2004; Ríos et al., 2009).
3.3. The multi-flow path TIS model

The results in Figs. 2 and 3 suggest that classical TIS and PFD
models do not accurately describe the highmain peaks and the long
tails of experimental E(t), as already found in previous studies that
investigated the hydraulic performances of horizontal flow CWs
(Chazarenc et al., 2003; García et al., 2004). Several authors have
proposed more complex models to improve the description of
tracer response. García et al. (2004) proposed the use of the TIS
with delay model to better assess the main peak of experimental
E(t). Maloszewski et al. (2006) proposed the use of a multi-flow
dispersion model, which assumes the existence of several flow
paths with different hydraulic properties.

In this study we investigated the use of a multi-flow path TIS
model to improve the description of the experimental E(t) and to
better assess the internal hydrodynamics of the filters. Several
reasons motivated the choice of this model. First, the results
described in the previous section already demonstrated that the TIS
model represents the hydrodynamics of steel slag filters more
accurately than the PFD model. Moreover, the use of a multi-flow
path TIS model can give a detailed and dynamic description of
the main flow paths inside the filters. In addition, the multi-flow
path TIS model is easy to understand for a non-expert user, and
can easily be implemented in most software dedicated to the
modelling and simulation of wastewater treatment processes.



3.3.1. Two flow path TIS model
The two flow path TIS model is based on the assumption of two

flow paths flowing in parallel into the filter: (i) a main flow path,
which accounts for the main peak, and (ii) a secondary flow path,
which accounts for the long tails of the experimental E(t). The two
flow paths were thus modelled according to a two TIS in parallel
configuration, as shown in Fig. S2 (supplementary material). Each
flow path is characterized by a specific volumetric flow rate, a mean
retention time t, an actual working volume, and a number N of TIS.

The input values for the specific volumetric rates of main and
secondary flow paths were evaluated by graphical analysis of the
experimental E(t). The specific volumetric rate for the main flow
path was estimated by the left-to-right symmetry of the main peak.
The specific volumetric rate for the secondary flow path was then
determined by flow balance at the inlet and at the outlet nodes, as
shown in Fig. S2. Themodelled E(t) and the optimumvalues of N for
the two flow paths were determined by simulation and optimiza-
tion of experimental E(t) using the commercial software DTS-pro.

Figs. 2 and 3 suggest that the two flow path TISmodel accurately
describes the high main peaks and the long tails of experimental
E(t). The main results of the use of the two flow path TIS model are
summarized in Table 3.

With the exception of the EAF filter in week 29, the results
shown in Table 3 confirm that the internal hydrodynamics of the
filters can be described by two major flow paths with different
hydraulic properties:

(i) A faster main flow path showing lower t and higher N: under
this hypothesis, this main flow path accounts for water
flowing through themain central section of the filters, where
a more uniform flow distribution promotes a plug-like flow
regime;

(ii) A slower secondary flow path showing higher t and lower N:
under this hypothesis, the secondary flow path is related to
water flowing through nearly dead volumes or slow ex-
change zones (e.g. the bottom of the filters) where dispersion
phenomena are more relevant than convective phenomena.

Overall, specific volumetric rates for the main flow path
accounted for from 62% to 72% and from 71% to 84% of the total inlet
flow for the EAF and BOF filters, respectively. The specific volu-
metric rates of the main flow path in both filters appear to increase
with decreasing temperature, suggesting that higher water vis-
cosity at lower temperature promotes onemain flow path.With the
exception of the experiments performed in week 29, the BOF filter
showed higher specific volumetric rates and higher actual working
volumes for the main flow path than the EAF filter. This is consis-
tent with the higher plug flow and lower dispersion conditions in
the BOF filter than in the EAF filter, as already mentioned in pre-
vious sections.
Table 3
Main results of the two flow path TIS model.

Week of
operation

Filter Main flow path

Specific volumetric flow rate
(%)

Actual working volume
(m3)

t
(h

1 EAF 62 0.99 1
BOF 71 1.98 2

9 EAF 71 1.57 1
BOF 84 2.21 2

22 EAF 62 0.97 1
BOF 78 1.44 1

29 EAF 68 1.53 1
BOF 74 1.32 1
The results of the EAF filter showed that the N values for the
main flowpath ranged between 12 and 32, whereas theN values for
the secondary flow path ranged between 5 and 14. The results of
the BOF filter showed that the N values for the main flow path
ranged between 19 and 34, whereas the N values for the secondary
flow path ranged between 6 and 32. It is difficult to explain these
variations in N values, as several physical-chemical phenomena
that occur in steel slag filters may have affected the hydraulic
properties of the flow paths over time. Most probably, CaO slag
dissolution, hydration and carbonation, P precipitation, and the
accumulation of suspended solids resulted in the decrease in pore
size. On the one hand, the smaller pore size may have the effect of
reducing preferential paths thereby improving the flow distribu-
tion throughout the filter, and leading to mean retention times
closer to the value of the theoretical hydraulic retention time
(Suliman et al., 2006). On the other hand, the smaller pore size may
promote the reduction of the plug flow due to the higher dispersion
resulting from the fluid flowing through smaller spaces (Alcocer
et al., 2012). Moreover, the variation in temperature during the
experiments led to fluctuating values of water viscosity, which
further affected the dispersion phenomena in the filters. With the
exception of week 29, the increase in N values for the main flow
path while the EAF filter was in operation mode suggests that the
decrease in pore size reduced preferential short paths, hence
improving plug-like flow distribution over time whereas the N
values for the main flow path in the BOF filter showed a slight
tendency to decrease over time. It is likely that rather than reducing
the short paths, the decrease in pore size in the BOF filter may have
resulted in a slight increase in dispersion conditions over time.
These differences in the internal hydrodynamics between the EAF
and the BOF filters weremost probably due to the differences in the
physical-chemical properties of the steel slag. In fact, as shown in
Fig. S1, the larger grain size distribution of the BOF slagmay account
for the smaller pore size in the BOF filter from the beginning of the
experiments. In addition, the BOF slag was initially richer in CaO
than the EAF slag, indicating a higher potential for hydration and
carbonation of the CaO slag and hence the expansion of slag volume
(Wang et al., 2010), whichmay have favored amore rapid reduction
in pore size in the BOF filter than in the EAF filter.

For each experiment, the sum of the actual working volumes of
the main and secondary flow paths (Table 3) was very close to the
total actual working volumes reported in Table 1 (the differences
were always less than 8%), confirming the overall coherence of the
model. In addition, the low TIC values (0.022e0.087) appear to
confirm that the two flow path TIS model describes the experi-
mental E(t) very well. However, the model appears to be less effi-
cient in describing the tracer response of the EAF filter in week 29,
as shown by the relatively higher value of TIC (0.087), suggesting
that the two flow path model is not sufficient for an accurate
description of the experimental E(t).
Secondary flow path TIC

)
N Specific volumetric flow rate

(%)
Actual working volume
(m3)

t
(h)

N

2.3 15 38 1.24 25.2 5 0.030
1.4 34 29 1.19 31.6 32 0.030
7.0 16 29 1.02 27.0 10 0.031
0.2 19 16 0.55 26.3 6 0.022
3.0 32 38 1.07 23.4 6 0.058
5.4 28 22 0.67 25.3 26 0.046
8.7 12 32 1.22 31.8 14 0.087
4.8 19 26 0.88 28.1 9 0.045



Fig. 4. Experimental and modelled E(t) for the EAF filter in week 29 of operation.
3.3.2. Three flow path TIS model
The results and the discussion in the previous sections already

highlighted the different hydraulic behavior of the EAF filter in
week 29. In Fig.1b, the graphical analysis of the experimental E(t) of
the EAF filter inweek 29 shows three main tracer peaks, a first peak
after 12 h, a second peak after 20 h, and a third peak after 36 h,
suggesting the existence of threemain flow paths through the filter.

For this reason, a three flow path TIS model was used to better
describe the experimental E(t) and to assess the internal hydro-
dynamics of the EAF filter in week 29. The specific volumetric rates
for the first and for the third flow paths were estimated by left-to-
right and right-to-left symmetry of the first and of the third peak,
respectively. The specific volumetric rate for the second flow path
was then determined by flow balance at the inlet and at the outlet
nodes.

The three flow path TIS model appears to satisfactorily describe
the experimental E(t) of the EAF filter inweek 29, as shown in Fig. 4.
The first, the second, and the third flow paths accounted for 23%,
63%, and 14% of the total inlet flow, thus leading to actual working
volumes of 0.38m3,1.67m3, and 0.61m3, respectively (Table 4). The
sum of the actual working volumes for the first, the second, and the
third flows (2.66 m3) was very close to the total actual working
volume reported in Table 1 (2.81 m3), thus confirming the consis-
tency of the model.

The main results of the three flow path TIS model (Table 4)
appear to confirm that the internal hydrodynamics of the EAF filter
in week 29 can be represented by three major flow paths with
different hydraulic properties:

(i) A first faster flow path with a t of 13.7 h, an N of 36, a specific
volumetric flow rate of 23%, and an actual working volume of
0.38 m3;

(ii) A second main flow path with a t of 22.1 h, an N of 21, a
specific volumetric flow rate of 63%, and an actual working
volume of 1.67 m3;
Table 4
Main results of three flow path TIS model describing the retention time distribution cur

Flow paths Specific volumetric flow rate (%)

First flow path 23
Second flow path 63
Third flow path 14
(iii) A third slower flow path presenting a t of 36.1 h, an N of 67, a
specific volumetric flow rate of 14%, and an actual working
volume of 0.61 m3.

It is possible that P precipitation and the accumulation of sus-
pended solids, followed by particle segregation during water
filtration resulted in the formation of horizontal layers of different
grain size along the vertical cross section of the filter, with small
particles moving to the bottom and larger grains moving to the top.
According to the well-known Kozeny-Carman equation, lower pore
size and higher specific grain surface area probably led to lower
hydraulic conductivities (KS) in the bottom layers than in the top
layers (Chapuis and Aubertin, 2003). According to these hypothe-
ses, the first faster flow path is most probably related to water
flowing through the top layers with a higher KS, thus leading to a
shorter t (13.7 h), whereas the third slower flow path is most
probably related to water flowing through the bottom layers with
lower KS, thus leading to a higher t (36.1 h). The second main flow
path can thus be attributed to water flowing through the middle
layers of the filter. This main flow path accounted for 63% of the
total inlet flow and for 59% of the total actual working volume of the
filter and also presented a mean retention time close to the value of
the theoretical hydraulic retention time.

As shown in Table 4, the third slower flow path had the highest
value of N (67), thus indicating less mixing conditions than the first
and the second flow paths. Most probably, particle segregation also
had the effect of reducing preferential paths and of promoting plug-
like flow distribution in the bottom layers of the filter.

On the other hand, the BOF filter showed no significant change
in the shape of the experimental E(t) and the two flow path TIS
model efficiently describes the experimental data in week 29
(Fig. 3d). The different hydraulic behavior of the two filters in week
29 was most probably related to the different physical-chemical
properties of the EAF and BOF slag used in this study, as already
mentioned in previous sections, and in particular to the higher CaO
content of the BOF slag. On the one hand, CaO slag dissolution may
lead to particle breakage and reduce grain size. On the other hand,
CaO slag hydration and/or carbonation could increase the volume
of the slag grains. It is likely that the combined phenomena of in-
crease/decrease in particle size had the overall effect of reducing
particle segregation in the BOF filter, thus preserving the 2 main
flow path behavior until week 29.
4. Conclusions

The results of this study provide important information on
changes in the hydraulic performances and internal hydrodynamics
of steel slag filters under real dynamic operating conditions.
Overall, the BOF filter indicated higher hydraulic efficiency, higher
plug-like flow and lower dispersion than the EAF filter, most
probably related to the higher CaO content, round shape and larger
grain size distribution of the BOF slag. These findings confirm that
the plug-like flow conditions increased with decreasing tempera-
ture, most probably because higher water viscosity at lower tem-
perature had the effect of improving convection transport rather
than dispersion phenomena. The results of the multi-flow TIS
ve for EAF filter in week 29 of operation (TIC ¼ 0.064).

Actual working volume (m3) t (h) N

0.38 13.7 36
1.67 22.1 21
0.61 36.1 67



model showed that the internal hydrodynamics of steel slag filters
can be primarily described by twomain flow paths: (i) a faster main
flow pathwith higher plug flow, followed by (ii) a slower secondary
flow path with higher dispersion. The results also showed that
internal hydrodynamics can change over time due to the different
physical-chemical phenomena that occur in the filter, including
accumulation of precipitates, slag hydration and carbonation, and
particle segregation, thereby leading to changes in flow transport
patterns and/or in the number of main flow paths.

The results of this study demonstrate that the multi-flow path
TIS model accurately describes the experimental RTD curves and
provides a dynamic description of the internal hydrodynamics of
the filters. In addition, the multi-flow path TIS model is easy to
understand and use by non-experts, and can easily be implemented
in most software dedicated to the modelling and simulation of
wastewater treatment processes, with the possibility to integrate
chemical, biochemical and physical-chemical kinetics.

Moreover, the systemic modelling approach developed in this
studymay be applied to filter units designed to treat different types
of water streams such as urban, industrial and/or agricultural
runoff, with a relevant impact on the field of management and
control of diffuse water pollution.
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