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Introduction 

The Indian pulp and paper industry is a major con-
sumer of water, utilizing around 60–120 m3 of water 
per ton of paper produced, depending on the type of 
process used for paper production [1]. The process 
of manufacturing paper and pulping generate tons 
of wastewater that contains large quantities of pol-
lutants which are unfi t to be directly disposed of in 
surface-water reservoirs. Wastewater from the pulp 
and paper industries contains a signifi cant amount 
of organic, suspended solids, nutrients and occasion-
ally toxic compounds [2, 3]. However, the organic 
load of this industry requires special attention as it 
causes the maximum amount of pollution and has 
widespread implications for what is exposed to it 
[4, 5]. 

The activated sludge process (ASP) is one of 
the most commonly used processes for the biologi-
cal treatment of dissolved organics in the pulp and 
paper industries. The aeration tank, used widely for 
the removal of dissolved organic compounds in the 
wastewater, is the most crucial part of the ASP. It 
is essentially a bioreactor that employs active mi-
croorganisms suspended throughout the tank. The 
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Abstract. The pulp and paper industry is highly dependent on water for most of its processes, producing 
a signifi cant amount of wastewater that should be treated to comply with environmental standards before its 
discharge into surface-water reservoirs. The wastewater generated primarily consists of substantial amounts of 
organic, inorganic, toxic and pathogenic compounds in addition to nutrients, which are treated in an effl uent 
treatment plant that often combines primary, secondary, tertiary and advanced treatments. However, the treat-
ment methods vary from industry to industry according to the process utilized. The effective performance of 
effl uent treatment plants is crucial from both environmental and economic points of view. Radiotracer techniques 
can be effectively used to optimize performance and detect anomalies like dead zones, bypassing, channelling, 
etc. in wastewater treatment plants. Experiments on the distribution of residence time were performed on the 
aeration tank and secondary clarifi er of a full-scale pulp and paper mill to study the fl ow behaviour as well 
as locate system anomalies and hence evaluate the performance of the treatment plants using the radiotracer 
I-131. The convolution method was applied to model the system with an imperfect impulse radiotracer input. 
The aeration tank was working effi ciently in the absence of any dead zones or bypassing. Various hydrodynamic 
models available in the literature were applied on the aeration tank and secondary clarifi er to obtain the hydraulic 
representation of the systems. 
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microorganisms breakdown the dissolved organic 
pollutants of the effl uent into biomass. As the deg-
radation of organic pollutants is an aerobic process, 
diffusers and mechanical aerators are employed in 
the aeration tank to maintain the desired level of dis-
solved oxygen required for the process. The biomass 
formed in the aeration tank is separated from the 
treated water in a secondary clarifi er that acts as a 
settling tank and works according to the principle 
of gravity [6, 7]. The hydrodynamics of the aeration 
tank and secondary clarifi er vary greatly from each 
other, however, maintaining proper hydrodynamic 
conditions in the reactors may help to combat sev-
eral fl ow anomalies like bypassing, dead zones, etc., 
resulting in the desired treatment of the wastewater 
to ensure the reactors function properly. 

The RTD analysis technique has been exten-
sively used to characterize system performance by 
identifying possible anomalies present in reactors 
[8–12]. This is achieved by injecting a minute 
amount of tracer into the inlet of the reactor and 
monitoring the outlet. Although several chemical, 
optical and radioactive tracers have been employed 
to investigate RTD in wastewater treatment plants, 
properties like high detection sensitivity and high 
selectivity, which facilitate in-situ measurements 
and the online collection of data, make radiotrac-
ers a superior choice in terms of the RTD analysis 
of large-scale industrial systems. The advantages 
of using radiotracers in RTD studies of full-scale 
industrial processes have been discussed in detail 
by many researchers [10–19]. 

The input method for radiotracer injection in the 
system is pulse input which provides a RTD curve 
that can be conveniently modelled using the RTD 
models present in the literature [20, 21]. However, 
industrial systems are interconnected and the out-
put radiotracer signal from one system acts as the 
input to a subsequent system. These inputs are 
non-ideal impulse signals that cannot be directly 
evaluated and can only be studied using numerical 
convolution along with the preferred RTD model. 
The effl uent treatment plant at Shreyans Industries 
Ltd. in India employs a two-stage ASP process that 
includes two sets of aeration tanks and secondary 

clarifi ers connected in series, as seen in Fig. 1. 
Radiotracer experiments were conducted to study 
the performance and effi ciency of ASP. In an earlier 
study our group reported the hydrodynamics of the 
fi rst aeration tank and clarifi er both with perfect 
impulse tracer inputs [22]. This paper reports the 
RTD data from the second radiotracer experiment 
performed on the second set of an aeration tank and 
secondary clarifi er evaluated using the convolution 
of input signals. 

Process description 

Experimental setup 

The experiment was conducted on the second treat-
ment unit of the effl uent treatment plant at Shreyans 
Industries Ltd. in Ahmedgarh, India. The schematic 
diagram of the radiotracer experiment at the effl uent 
treatment plant is shown in Fig. 1. The dimensions 
and process parameters of each system are outlined 
in Table 1. In the present study, the RTD experiment 
performed on aeration tank 2 and secondary clari-
fi er 2 is discussed. The aeration tank is 45 m long, 
16 m wide and 4.5 m deep with a capacity of 3240 m3. 
The aeration tank was equipped with a diffused aeration 
system fi tted with a fi ne bubble ethylene-propylene-di-
ene monomer (EPDM) membrane to sparge dissolved 
air. The effl uent feed rate in the aeration tank was 
5.21 m3/min. The secondary clarifi er, with a capacity 
of 890 m3, is a circular settling tank with a central feed 
of 18 m in diameter and a height of 3.5 m. 

Radiotracer distribution experiment 

The RTD experiment was conducted on the full-scale 
ASP to trace the aqueous phase (wastewater) in the 
aeration tank and secondary clarifi er. The radio-
tracer iodine-131 (half-life: 8 days, gamma energy: 
0.36 MeV) was used as sodium iodide (NaI) which 
was supplied by the Board of Radiation and Isotope 
Technology (BRIT) in Mumbai, India. A minute 
amount, approx. 10 ml, of iodine-131 was dissolved 

Fig. 1. Schematic diagram (front view) of the complete industrial ASP setup. 

Table 1. Process description and calculated parameters 

Dimensions Volume [m3] Flow rate [m3/min] Retention time

Aeration tank 2 45 × 16 × 4.5 m 3240 5.21 ± 1%  622 min (10.4 h)
Secondary clarifi er 2 d = 18 m, h = 3.5 m   890 5.21 ± 1% 171 min (2.8 h)
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in 2 liters of water (activity: 30 mCi in a volume of 
5 ml), injected into the inlet of the secondary clarifi er, 
and monitored at the inlet and outlet of the second 
aeration tank (D9) and secondary clarifi er (D10) as 
shown in Fig. 1. The input signal for aeration tank 2 
was obtained by convoluting the imperfect impulse 
input signal of secondary clarifi er 1. The absorption 
of I-131 by solid sludge was minimal and did not 
interfere with the RTD study of the aqueous phase 
in effl uent treatment plants [23, 24]. Scintillation 
(NaI) detectors were placed at the inlet and outlet 
streams of the system and were connected to a data 
acquisition system (DAS). The DAS was linked to 
laptops and the sampling time to record data points 
was set at 5 min. The duration of the experiment was 
50 hours, which was approximately 3 times longer 
than the theoretical/expected mean residence time, 
to obtain a proper description of fl ow. 

Data treatment and analysis 

Calculation of theoretical and experimental MHRT 

The RTD data were recorded in terms of counts 
per second from the outlet stream of each system 
and pre-treated to eliminate experimental errors. 
The RTD curves were normalized to obtain a graph 
that plots E(t) against time. The theoretical mean 
hydraulic retention time (MHRT) of the systems 
were calculated using Eq. (1) [10, 11, 20, 21]. 

(1)

where, V – volume of reactor, Q0 – fl ow rate of 
wastewater entering into the system. 

For a system to run effi ciently, the theoretical and 
experimental MHRT should be equal. However, this 
is seldom true for most industrial systems. The dead 
zone in the system can be calculated by Eq. (2): 

(2) 

where, Vd – fraction of dead volume, t – experimental 
MHRT and  – theoretical MHRT. 

Different models (tank-in-series, axial dispersion, 
tank-in-series with backmixing and tank-in-series 
with dead volumes, etc.) were applied to model the 
experimental RTD data to obtain a physical repre-
sentation of the hydrodynamics inside the aeration 
tank and clarifi er. The RTD software DTSPro V. 
4.21 developed by PROGEPI [25, 26] was used to 
model the measured RTD data in the aeration tank 
and secondary clarifi er. 

Analysis and modelling of the imperfect input 
impulse using convolution 

In industry, the systems are interconnected and 
processed material leaving one reactor serves as 
the input to the succeeding one (see Fig. 2). These 
processes may have different hydrodynamic char-
acteristics, and the RTD study of each individual 

system can be very lengthy and tiresome. This prob-
lem can be evaluated by convolution integrals [27]. 
Mathematically, convolution can be defi ned as the 
operation between two functions or signals that 
produces a third function which is correlated to 
the original function. The radiotracer that enters 
a process from the previous reactor serves as an 
imperfect input impulse and the output signal gets 
modifi ed. This signal modifi cation is related to the 
E curve of this vessel according to the convolution 
integral in Eq. (3): 

(3) 

where Cout – output tracer concentration, Cin – input 
tracer concentration and E(t) – normalized RTD at 
the outlet of the system. 

This equation can be used to obtain a non-
-distorted E curve for the system when the input 
and output RTD signals of the system are known. 

RTD models are physical representations of fl ow 
in the reactor. The RTD data obtained experimen-
tally can be conveniently modelled to study the 
deviation of real reactors from ideal behaviour. How-
ever, systems with imperfect impulse inputs cannot 
be directly modelled using RTD models present in 
the literature. In such a case, a suitable RTD model is 
selected and the model E(t) is obtained by assuming 
its parameter values. The model E(t) is then convo-
luted with the input signal of the system to obtain 
a convoluted model that fi ts to the corresponding 
experimental RTD data. 

Results and discussion 

Aeration tank 

The second experiment performed on the two-stage 
ASP was monitored at the outlet of aeration tank 2 
(D9) as shown in Fig. 1. The RTD curve obtained 
at the outlet of aeration tank 2 was pre-corrected to 
remove any signal disturbances. As can be perceived 
from Fig. 1, no equalization tank exists prior to 
the aeration tank, hence, a temporary variation of 
fl ow rate in the system may have caused the sud-
den disturbance in signal observed during a later 
stage of the experiment. The RTD curve did not 
display any multiple peaks which also indicates 
that no specifi c bypassing and parallel fl ow paths 
exist in the tank. The volume of the aeration tank 
was 3240 m3 and the volumetric fl ow rate enter-
ing the aeration tank during the experiment was 

Fig. 2. Interference with the input signal due to the non-
-ideal impulse input. 
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5.21 ± 1% m3/min. Therefore, the theoretical 
MHRT was estimated to be 622 min, as reported 
in Table 1. The non-ideal impulse response, i.e. 
the RTD curve measured at the outlet of the aera-
tion tank, was normalized to obtain E(t) curves. 
As ideally the aeration tank is supposed to act as a 
perfect continuously stirred tank reactor (CSTR), 
the tank-in-series (TIS) model was chosen to simu-
late the tank. The model normalized the RTD, and 
the Em(t) was obtained from the model equation 
and convoluted against the non-ideal input signal 
of the aeration tank (D6). The model parameter, i.e. 
number of tanks (N), was varied to acquire the curve 
that fi ts the experimental E(t) curve best. The reac-
tor was best represented with a single mixing tank 
(N = 1), implying that the aeration tank acted as 
an ideal mixing tank with negligible anomalies. The 
model MHRT was calculated from the model param-
eters and was found to be 620 min. A comparison of 
the experimental and convoluted models is shown in 
Fig. 3. As the theoretical and experimentally measured 
MHRTs are approximately equal, no dead volume is 
present within the aeration tank. This implies that 

almost the entire geometric volume of the tank is avail-
able for the aeration process. Tank-in-series and tank-
-in-series with backmixing are the most suitable mod-
els for representing aeration tanks [28, 29]. Systems 
with surface aerators or baffl es often exhibited signifi -
cant backmixing in the tank. Often complex aeration 
systems are also represented by compartment models 
that consist of a combination of continuously stirred 
tank reactor (CSTR) and plug fl ow reactor (PFR) to 
account for dead zones, bypassing and recycle lines 
[25]. Three different RTD models that are detailed 
in the literature (i.e. TIS, TISBM and ADM) were 
simulated for the aeration tank as shown in Fig. 4 
and the model parameters are reported in Table 2. 

Secondary clarifi er 

The aeration tank and secondary clarifi er were con-
nected in series, the radiotracer concentration at the 
outlet of the aeration tank (D9) served as an input 
signal for the clarifi er. Since the volume of the second-
ary clarifi er was 890 m3 and the total volumetric fl ow 
rate entering the secondary clarifi er was 5.21 m3/min, 
the theoretical mean residence time (MRT) was deter-
mined to be 174 min. The secondary clarifi er should 
ideally act as a perfect plug fl ow reactor, however, 
deviation from the same can be suitably displayed by 
the axial dispersion model. The axial dispersion model 
was used to simulate the normalized RTD signal at 
the outlet of the secondary clarifi er (D10) and the 
model Em(t) was convoluted with the input radiotracer 
signal of the secondary clarifi er (D9). The obtained 
Peclet number (Pe) for the axial dispersion compo-
nent was 10. This high value of Pe indicates that the 
clarifi er acts as a plug fl ow reactor. The model MRT 
was calculated from the model parameters and was 
found to be 66 min. The comparison of the theoretical 
and experimental MHRTs predicts that a proportion 
of the reactor volume is inactive and unavailable for 
hydraulic fl ow. The dead zone in the reactor can be 
explained due to the accumulation of biomass at the 
bottom of the tank. Figure 5 shows the comparison 
of the experimental and theoretical model simulated 
curves corresponding to the optimum model param-
eters. The comparison of the TIS, TISBM and ADM 
models for the secondary clarifi er is shown in Fig. 6 
and the model parameters reported in Table 2. 

Conclusion 

The hydraulic behaviour of the aeration tank and 
secondary clarifi er was successfully studied at an 

Table 2. Comparison of different models and their parameters for the aeration tank and secondary clarifi er 

RTD models
Aeration tank Secondary clarifi er

MRT 
[min] Parameters R2 MRT 

[min] Parameters R2

Tank-in-series model (TIS) 620 N = 1 0.99 71 N = 6 0.93
Tank-in-series with backmixing model (TISBM) 600 N = 2,  = 1 0.97 72 N = 6,  = 0.4 0.97
Axial dispersion model (ADM) 610 Pe = 0.1 0.98 70 Pe = 10 0.99
Pe – Peclet number.   N – number of the tank in the tank-in-series model.    – backmixing ratio. 

Fig. 3. RTD curve monitored at the outlet of aeration tank 
(D9) and model adjustment by convolution. 

Fig. 4. Comparison of RTD models for the aeration tank. 
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industrial scale effl uent treatment plant of a pa-
per manufacturer in India. The aeration tank was 
found to work very effi ciently with no dead zones 
or bypassing stream present in the tank. The convo-
lution method was applied along with the suitable 
RTD model to obtain convoluted models that fi t 
the experimentally obtained RTD data well. The 
hydrodynamic model for the aeration tank was suit-
ably represented with a single mixing tank further 
validating that the aeration tank works as a perfect 
mixing tank. A simple axial dispersion model was 
found to be suitable to describe the fl ow behaviour 
of the secondary clarifi er. 
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