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Abstract 

A method to determine the residence time distribution (RTD) of municipal 

sewage sludge in a continuous contact dryer with agitation has been developed. 

The experiments were conducted using a pulse injection of chloride sodium and 

by sampling and analysing the electrical conductivity of sludge leachate offline. 

The principle of this method was to trace the solid phase of sludge during 

drying. The accuracy and reproducibility of the method was quantified.  
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INTRODUCTION 

 

Methods which exploit the energy content of the sludge are promising solutions. Even if thermal 

valorization routes encounter an increasing interest, they are still under-implemented in some 

European countries. Dedicated incineration, co-combustion, pyrolysis or gasification require a 

minimal lower heating value, which can only be reached by partial or full drying. Because of their 

relative low specific energy consumption compared to convective dryers [1], discs and paddle dryers 

are frequently used for sludge drying. In addition to the understanding of the clogging phenomena, one 

of the main scientific challenges for these technologies lies in the prediction of the residence time of 

the sludge in the drier to control the dry solids content at the dryer exit. A non-linear cell model based 

on the theory of Markov chains has been proposed to describe the stochastic motion of the sludge in a 

continuous paddle dryer [2, 3]. Heat and mass transfer are predicted according to the penetration 

theory [4], which was used successfully to represent experimental drying kinetics from laboratory 

scale batch dryers[5-7]. The cell model gives the moisture content, the product temperature, the solids 

hold up over the drying process as well as the residence time distribution (RTD). Computational 

results illustrate the ability of the cell model to qualitatively describe the drying process [3]. To refine 

this model, drying and residence time distribution experiments are now needed. The purpose of this 

work was to characterize the RTD of municipal sewage sludge in a continuous lab-scale contact dryer with 

agitation. The choice of the tracer, the calibration curve and the injection method are described in 

the”Material and Methods “section. The methodoly validated, the reproducibility and accuracy of the 

method is discussed in the last section. 

 

MATERIAL AND METHODS  

Feed material 

The sewage sludge was sampled in the urban wastewater treatment plant (WWTP) of Albi city 

(France). The WWTP, designed for a capacity of 91 000 population equivalent (PE) but operating at 

60 000 PE, implements a conventional extended aeration process, a nitrification/denitrification 

process, a biological phosphorus removal and an anaerobic digestion. Three drying experiments were 

performed, requiring sampling of 3 different sludge batches. The sludge was sampled after 

centrifugation. The sludge was stored at 4°C in a tight container and experiments were performed 

within 1 week after sampling.  

Table 1: Initial dry solid contents  

Experiment 

1 

Experiment 

2 

Experiment 

3 

19.1 ± 0.1% 19.3± 0.1% 21.6 ± 0.1% 

 

Continuous contact dryer 

Currently, drying and RTD experiments are performed on a lab-scale (15 kg/h) continuous agitated 

contact dryer, designed and built in our institute. This dryer consists of a U-shaped jacketed trough 

with a rotating shaft. The trough is 1m long, 0.32m high and has an inner diameter of 0.16m. Three U-

shaped electrical resistances (Chromalox, Soissons, France), 0.33m long each, are inserted in the 

double wall. Each can supply up to 6 10
4
 W/m

2
. Three temperature sensors, one for each electrical 

resistance, are used for the thermal regulation of the dryer wall. These sensors, set at 0.001 m from the 

wall front side in contact with the sludge, are positioned at 0.164, 0.497 and 0.83 m from the dryer 

inlet, respectively. To limit the thermal losses towards the outside, the trough is insulated with a 5 cm 

thick Superwool® HT Fibers (Eurotech, Cessales, France), whose thermal resistance amounts to 13.9 

m
2
.K/W. This trough is closed by a removable and tight hood with three trap doors. For each zone of 
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0.33m length, four heating cartridges (Chromalox, Soissons, France) are inserted in the 6-cm diameter 

hollow shaft. Each can supply up to 10
5
 W/m

2
. Three temperature sensors, one for each electrical 

resistance, are used for the thermal regulation of the rotor. These sensors, set at 0.015 m from the 

outward, are positioned at 0.12, 0.455 and 0.79 m from the dryer inlet. 18 full wedge-shaped paddles 

are screwed on the rotor and heated by conduction. In the current configuration, the paddles are 

regularly distributed along the shaft. Scrapers, formed to interact with the paddles, are positioned on 

the trough. A 4 kW asynchronous motor with variable frequency drive (Leroy Somer, Colomiers, 

France) permits a precise adjustment of the rotor’s speed between 10 and 60 rpm. A contactless 

DR2112 torque meter (LR Mesures, Libourne, France), for measurements up to 500 Nm max, equips 

the stirrer.The drier rests on a support, which can be tilted of ± 5°. A Moineau 2.6 IVA pump (PCM, 

Levallois Perret, France) conveys the mechanically dewatered sludge from the feed hopper, of a 

capacity of 40l, to the dryer. Pump speed is controlled with a frequency inverter. The sludge is fed into 

one end of the trough and flows due to gravity, dryer slope and mechanical agitation to the opposite 

end, where the dry material is discharged. The solids hold-up in the dryer is controlled through an 

adjustable overflow. Superheated steam (1atm, 120°C) produced by a 4kW steam generator and a 

0.3kW superheater (TATT, Eybens, France) is used as sweeping gas. The sweeping gas and the vapors 

evolved during processing are carried out through a central exhaust port. 

 The operating conditions used for the drying experiments are summarized in Table 2. 

Table 2. Operating conditions  

Wet basis mass flow rate 4.7 kg/h 

Dryer slope 2° 

Dryer wall temperature 160 °C 

Stirrer speed 7 rpm 

Superheated 

steam 

Temperature 160 °C 

Mass flow rate 1.1 kg/h 

Pressure 1 atm 

 

Tracer  

Choice and test validation 

The choice of the tracer was made considering tracers currently used in wastewater treatment studies, the 

measurement techniques available in the lab, the repeatability and accuracy of the measurement techniques 

in regard to the required degree of precision and the “thermal stability’’ regarding drying conditions [8]. In 

the field, three tracers are mainly used: LiCl [9-11], NaCl [12] and rhodamine [13-16]. Sodium of 

chloride is a popular choice for tracer test studies given its low cost and the ease of monitoring. 

Electrical conductivity was retained as detection method and NaCl was selected as tracer. 

 

The influence of the tracer powder dispersion method on the sludge structure and viscosity, on the 

drying kinetics and sticky phase were investigated. Even if mixing in a planetary mixer changes the 

rheological properties of the raw sludge and increases its stickiness, it does not have any influence on 

the drying kinetic and the sticky phase [17]. Thermal stability of the tracer was also analysed. 96% of 

the 10g of NaCl introduced into 2kg of sewage sludge were recovered in the dry matter after a drying 

experiments performed in a batch contact dryer [18] heated at 160°C. 

Concentration determination with calibration curve: 
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To implement the detection method, the sludge samples must be dried at 105°C for 24hr and leached 

during 24hr with demineralised water (mwater/mDM=10). 

A serie of standards, in demineralised water and sludge samples, across a range of concentration near 

the expected concentration of NaCl in the leachate has been prepared. Calibration curves for NaCl in 

water and NaCl in sludge leachates are plotted on Figure 1. To investigate the influence of sludge 

composition, two batches were sampled at an interval of one month. 

 

Figure 1: Calibration curves. 

As expected, the electrical conductivity (λ) of the standards varies linearly with the ion concentrations. 

The data were fitted, according to Eq. (1). The sensitivity, a, and the conductivity of the background 

(demineralised water and sludge), λini are given in Table 3. 

λ = λini + a*C NaCl  (1) 

The displacement of the curves induced by the conductivity of the background has to be considered for 

each sludge batch. Indeed, a change of the initial sludge conductivity might induce an over or 

underestimation of the tracer concentration and thus a wrong estimation of the experimental RTD. 

Table 3. Coefficients of Eq. 1. 

 Water + NaCl Leachate 1+NaCL Leachate 2 + NaCl 

λini (mS.cm
-1

) 0.44  3.18  2.46  

a (gNaCl.cm. mS
-1

L
-1

) or 

(gNaCl.cm. mS
-1

L
-1.

gDM
-1

) 

 
1.48 1.47 1.49 

r
2
 0.991 0.989 0.990 

 

The calibration equation that should be used to calculate the NaCl concentration of unknown samples 

is given by Eq. 2. 

      
       

     
  (2) 

Figure 2 shows the error in the calculation of the concentration from the calibration equation. The 

maximal error on the prediction is of 5%. 
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Figure 2: Accuracy of the calibration curve. 
 

Tracer injection and sludge sampling 

 

A quantity of 90g of NaCl powder, determined in order to have a minimum pic of conductivity three 

times higher than the conductivity of the background was mixed with 56g of raw pasty sludge. The 

tracer was injected at the inlet of the dryer in one and half minute, which represents less than 1% of the 

theoretical residence time (τ≈200min ). 

The whole sludge outflow mass was sampled and analysed. After the introduction of the tracer, 

samples were taken every 10 min or each 5 min and then dried and leached as described before. The 

concentration of NaCl in the leachate was measured with a DCM210 conductivity meter (MeterLab, 

Copenhage, Denmark). 

When the sampling was achieved, the sludge flow was stopped and the collection of the solids retained 

in the dryer were collected and dried at 105°C during 24h. 

Data Analysis 

Knowing the NaCl concentration the exit distribution age function E(t) was calculated according to 

Eq. (3): 

     
        

           
 

 

  (3) 

The mean residence time, <ts>, and averaged dryer velocity,            , are then given by Eqs. (4-

5): 

              
 

 
  (4) 

            
 

    
  (5) 

Where L is the length of the dryer. 

The theoretical residence time, τ, and theoretical averaged dryer velocity,         , were estimated 

according to Eq. (6-7), respectively: 

  
          

   
   (6) 

 

         
 

 
   (7) 
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Where      is the inlet dry matter mass flow rate and           the dry solids hold-up in the dryer. 

 

RESULTS AND DISCUSSION 

Drying experiments 

Three drying experiments were performed with the operating conditions given in Table 2. The 

cumulated mass of dry solids content and the dry solid content of the samples recovered at the dryer 

outlet during the 3 experiments is plotted on Figure 3. As it can be seen, the steady state is difficult to 

reach, mainly because of the sludge rheology. As the dry solid content of the raw sludge is higher for 

experiment 3, the mass flow rate of dry matter is higher (for a given mass flow rate of raw 

sludge).Consequently the slope of the curves on Figure 3a is slightly enhanced. 

  

Figure 3: (a) Outlet cumulated dry mass, (b) dry solids content of experimentation. 

In spite of those fluctuations, the dry basis moisture content distribution, given on Figure 4, is 

reproducible for the three experiments. 

 

Figure 4 : Dry basis moisture content distribution along the dryer 

To conclude, it was not possible to reach the perfect steady state of the drier. But as the operating 

conditions remained unchanged during the experiments the steady state was assumed to be obtained. 

RTD experiments 

Figure 5 shows the conductivity and the percentage of recovered tracer versus the sampling 

time after the tracer injection. As the conductivity of the background were higher for the experiment 1 

, the corresponding curve is shifted upwards. Nevertheless, shape of the three curves is similar. 
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Figure 5: (a) Conductivity measurements and (b) Percentage of recovered tracer versus 

sampling time. 

Approximately 6 hours after the tracer had been injected, the electrical conductivity of the samples 

tends toward the initial conductivity level values. The percentage of tracer recovered reach at least 

95%. The normalized exit distribution age function E(θ), with θ = t/τ, is plotted on figure 6. 

 

Figure 6: Normalized RTD function. 

As it can be seen, the 3 normalised RTD are perfectly superimposed. Values of the mean residence 

time and averaged velocity in the dryer are listed in Table 4 for each drying experiments. 

 

For the three experiments, around 85% of the tracer leaves before θ=1. This suggests that the total 

volume of the dryer is not active and that short circuiting occurs. Indeed an averaged velocity (Eq.5-7) 

of the tracer of 0.28m.h
-1

 was obtained with <ts> versus 0.38 m. h
-1

 with τ which means that the tracer 

flowed faster than in theory. 

 

Table 4. Characteristics of the RTD. 

 Experiment 1 Experiment 2 Experiment 3 Averaged 

mNacl injected (g) 90  90  90   

mNaCl recovered (g) 87.5  85.5  87.1   

Mretained (g) 3100 3330 3500  

     (g.h
-1

) 890  895  1003  

τ (min) 210 223 209 214 ± 8 

<ts> (min) 155 163 154 157 ± 5 

          (m.h
-1

) 0.39 0.37 0.39  0.38 ± 0.01  

             (m.h
-1

) 0.29 0.27 0.27 0.28 ± 0.01  

 

The standard deviation of the mean residence time is 5 min, thus establishing the acceptable 

reproducibility of the results. 
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CONCLUSION 

In this paper, a method to characterize the residence time distribution of sewage sludge in a contact 

dryer with agitation has been developed. NaCl tracer allows a simple and accurate method for the 

determination of RTD curves. The calibration curve has been established and the error in the 

concentration quantified. Reproducibility of drying experiments have been characterised and RTD 

experiments performed. Even if the steady state is difficult to reach, RTD characteristics (Mean 

residence time and averaged dryer velocity) are reproducible. In a future work, response surface 

methodology will used to evaluate and the impact of the main processing parameter (stirring speed, 

angle of inclination, mass flow rate...) on drying and RTD characteristics. 
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