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Abstract:    The emission and contact drying kinetics of the paper mill sludge (PMS) were studied through experiments carried out 
in a paddle dryer. To get a better understanding of its drying mechanism, a penetration model developed by Tsotsas and Schlünder 
(1986) was used to simulate the drying kinetics of the PMS. The result indicated that this kinetics could be divided into three 
phases: pasty, lumpy and granular phases, and could be successfully simulated by the penetration model as the related sludge 
parameters were integrated into the model. The emission rate curves of the volatile compounds (VCs) were interrelated to the 
drying rate curve of the PMS, especially for volatile fatty acids (VFAs) and ammonia in this study. 
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INTRODUCTION 
 

The pulp and paper making industry not only 
consumes a large quantity of water but also generates 
greatly wastewater. In China, over 374.4×106 t of 
wastewater from pulp and paper making industry are 
generated each year, which produces about 75×103 t 
of paper mill sludge (PMS). Disposing PMS envi-
ronment friendly is a big challenge to the paper in-
dustry. At present, landfill is the main solution to 
PMS disposal in China. But with the further con-
straining of the Chinese legislation on the sludge 
dumping, in the near future, the sludge dumping on 
dump sites will be permitted only as its water content 
is less than 1.5 kg water per kg dry solid (DS).  

For either using or disposing sludge, such as 
agricultural utilizing, incinerating, or landscaping, a 
low water content of the sludge is usually required 
(Grüter et al., 1990). Thermal drying is an important 
intermediate step in the process of all disposal 

methods, since it helps to stabilize the sludge, to re-
duce its volume and to abate the odor of the products 
(Vesilind and Ramsey, 1996). Thermal drying by 
different dryers has been widely applied to sludge 
drying process (Chen et al., 2002). In terms of heat 
and mass transfer, the available dryers can be classi-
fied as the indirect dryer, the direct dryer and the 
combination dryer (Lowe, 1995; Hudson and Lowe, 
1996). Comparing with the direct ones, the indirect 
dryers have the advantages of minimal amount of 
vapor produced, no pollution of heat carrying medium, 
lower energy consumption and less operation cost 
(Ferrasse et al., 2002). Typical indirect dryers are 
paddle dryer, thin-film dryer and rotary-disc dryer. 
What we are focusing on here is the contact drying 
technologies with agitators (the paddle dryer). 

The design of sludge dryer and the determination 
of its operation parameters require knowledge of the 
drying kinetics, which strongly depends on the sludge 
origin. A mathematical model for drying kinetics 
makes it possible to simulate the process and simpli-
fies the calculation of its design. With respect to the 
contact drying, Schlünder and Mollekopf (1984) de-
veloped a penetration model to simulate the vacuum 
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contact drying of mechanically agitated particulate 
materials. In this model, the continuous mixing 
process is replaced by a sequence of contact periods 
of length tR, and the model postulates that the contact 
drying is a purely heat transfer controlled process 
with two heat transfer resistances, i.e., the contact 
resistance and the penetration resistance. Dittler et 
al.(1997) extended the model to simulate the contact 
drying of a pasty material. A few years later, the 
penetration model was successfully extended by Ar-
labosse and Chitu (2007) to simulate the contact 
drying of sewage sludge. 

In this study, the contact drying kinetics of the 
PMS in the presence of air was experimentally stud-
ied and simulated based on the penetration model. 
The emission control of odor-causing volatile com-
pounds is also important during a sludge drying 
process, and requires knowledge of the emission 
characteristics of volatile compounds (VCs). Our 
previous study (Deng et al., 2008) identified the main 
VCs emissions during the PMS drying process con-
ducted in a tubular furnace and a pilot-scale paddle 
dryer. In this study, the emission characteristics of the 
VCs were further investigated.  

 
 

MATERIALS AND METHODS 
 
Sludge sample 

As shown in Fig.1, a kind of mechanically de-
watered PMS with water content of 3.3 kg water per 
kg DS was used. The PMS was sampled from a paper 
making factory in Pinghu city of Zhejiang province, 
China. This kind of sludge was produced from aera-
tion basins of anaerobic/oxic (A/O) wastewater 
treating system. The components of the PMS were 
analyzed based on Chinese Standard GB/T 212-2001 
(2001) for proximate analysis and GB/T 476-2001 
(2001) for ultimate analysis. The results of the 
proximate and ultimate analysis of the PMS are given 
in Table 1. 
 
Experimental set up and apparatus 

Fig.2 shows the experimental setup of the sludge 
drying system, which mainly consists of a twin shafts 
paddle dryer, a condenser and an extraction pump. 
The paddle dryer is constructed with 16 wedge- 
shaped paddles and 2 hollow shafts. The diameter  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
is 60 mm for the paddles and 25 mm for the shafts. 
The effective volume of the dryer is 1.1 L, and the 
dryer was run batch-wise with handling capacity of 
1.0 kg wet sludge per batch. The paddles and shafts as 
well as the jacket of the shell walls were filled with 
thermal oil that was heated by electrical resistances 
during the sludge drying process. The temperature in 
the shafts and jacket was measured by thermocouples. 
The heating power of the electrical resistance was 
automatically controlled by a temperature controller 
to keep the drying temperature stable at the set point. 
The sludge temperature was measured at two axial 
positions 1 cm into the product by two different 
thermocouples. The torque at the stirrer was measured 
by a torque dynamometer. 

Fig.1  Sludge from paper making factory 

Table 1  Proximate and ultimate analysis of PMS (dry 
basis) (mass fraction) 

Component (%) Value Component (%) Value
Ash content 49.73 N 1.07
Volatile content  42.37 S 1.66
Fixed carbon content  3.94 O 23.00
C  16.94 Cl 0.092
H   3.64   

Fig.2  Paddle dryer setup 
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As shown in Fig.2, there is an opening for dry air 
so the sludge drying took place in the presence of air 
under normal pressure. In the PMS drying experiment, 
a fixed amount of wet PMS cake (0.941 kg) was fed to 
the dryer. Water evaporated during the drying process 
was extracted by an extraction pump, and was intro-
duced to a water-cooled condenser to be condensed 
and discharged. The drying rate was determined by 
measuring the condensate mass continuously over the 
time of the experiment. 

Gaseous samples emitted from the PMS drying 
were introduced into a gas analyzer (Gasmet 
DX-4000, Finland), which consists of two units: the 
sampling unit for gases sampling and cleaning; the 
measuring unit for continuous analysis with Fourier 
transform infrared (FTIR). The gaseous samples were 
continuously and automatically measured by the 
FTIR analyzer, and infra-red spectra obtained were 
automatically processed by Calcmet Software 2005. 
 
 
RESULTS AND DISCUSSION 
 
Drying kinetics 

The drying experiment was conducted under the 
temperature (Toil) of 180 °C and stirrer speed (n) of 
17 r/min. The results (Fig.3) indicate that the drying 
process of the PMS in the paddle dryer can be sepa-
rated into three phases: pasty, lumpy and granular 
phases, based on the drying rate curve. In the pasty 
phase, there is a sharp increase in drying rate and then 
followed by a marked decrease from the peak value. 
In the lumpy phase, there is a constant drying rate 
stage which located in the range of the water content 
between 1.53 and 1.11 kg water per kg DS, and an 
increasing drying rate stage which was accompanied 
with a strong increase in torque. The strong increase 
in torque indicates that the lumpy sludge bulk begins 
to break up. At the end of the lumpy phase, the torque 
sharply decreases and the transition towards the 
granular phase beginning. In the granular phase, the 
sludge drying rate continuously decreases from the 
peak value. The torque in this phase is almost negli-
gible compared with the other two phases. 

The heat flux density on the heating surface of 
the paddle dryer can be calculated by the heating 
power of the electrical resistance (Fig.4). It is obvious 
that the heat flux density is in direct proportion to the 

drying rate, thus the drying kinetics of the PMS can 
also be illustrated by the heat flux density. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Contact drying modeling  
To further understand the contact drying kinetics 

of the PMS in the presence of air, a penetration model 
developed by Tsotsas and Schlünder (1986) was 
adopted. This model was first used to analyze the 
contact drying of agitated granular materials in the 
presence of inert gas, and was extended to model the 
contact drying of porous hygroscopic materials by 
Gevaudan and Andrieu (1991). In this model, the 
steady state mixing process is replaced by a sequence 
of unsteady mixing steps; a contact period of length tR 
is followed by an instantaneous perfect macro-mixing 
of the bulk; during the contact period, the bulk is 
assumed to rest on the heating plate to be heated by 
conduction. The contact resistance between the hot 
surface of the dryer and the bed, the penetration re-
sistance of the bed, and the mass transfer resistance on 
the bed surface are the drying rate controlling factors 
in this model. 

Fig.4  Heat flux density on the heating surface 
(Toil=180 °C, n=17 r/min) 
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Fig.3  Drying kinetics of the PMS (Toil=180 °C, 
n=17 r/min) 
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Fig.5 shows the temperature profiles and heat 
fluxes during a contact period, where qin, qsen, qout, qlat, 
qloss are the heat fluxes from the thermal oil to the 
PMS bed, the heat flux changing the PMS tempera-
ture, the heat flux leaving the bed, the latent heat, and 
the heat loss, respectively. These heat fluxes can be 
calculated by the following equations: 

 
*

in ws oil bed,( ),iq h T T= −                          (1) 

out b,w bed, s( ),iq h T T= −                          (2) 

loss c rad s G( )( ),q h h T T= + −                    (3) 

bed, 1
sen p b,w

R

( )
( ) ,i iT T

q c L
t

ρ + −
=              (4) 

lat V T ,q m H= Δ&  
 

where  Toil, Ts, TG, Tbed,i and Tbed,i+1 are the tempera-
tures of the thermal oil, the bed surface, the ambient 
air, the bed at the beginning of the contact period, and 
the bed at the end of the contact period, respectively. 
hc is the convective heat transfer coefficient, Vm&  is 
the drying rate of the PMS, ΔHT is the total heat of 
vaporization, L is the height of the sludge bed. ρb,w 
and pb,wc are the density and the specific heat capacity 

of the sludge bed, respectively. *
wsh  is the heat trans-

fer coefficient from the thermal oil to the first particle 
layer, and is given by 
 

*
ws oil wall ws

1 1 1 1 ,
h h h h

= + +                    (5) 

 
where the heat transfer coefficient hoil was 445 
W/(m2·°C). The contact surface resistance (1/hwall) 
can be calculated with the thermal conductivity of the 
wall material and its thickness. 1/hws is the contact 
resistance between the wall and the first layer of par-
ticles, and hws was calculated to be 174.2 W/(m2·°C) 
based on the method introduced by Schlünder and 
Mollekopf (1984). 

The time-averaged heat transfer coefficient for 
the bulk penetration, hb,w is expressed as 

 

P b,w b,w
b,w

R b R

( ) 2
2 ,

π π
c

h
t K t

ρλ λ
= =               (6) 

 

where λb,w and Kb are respectively the effective ther-
mal conductivity and thermal diffusivity of the PMS 
bed. 
 

 
 
 
 
 
 
 
 
 
 
 
ΔHT is calculated by adding the desorption heat 

ΔHdes to the latent heat of vaporization ΔHV as 
 

ΔHT=ΔHV+ΔHdes.                       (7) 
 

ΔHT is the parameter bound to the PMS, and was 
experimentally determined. A fast transient method 
based on thermogravimetric analyzers-differential 
scanning calorimeters (TG-DSC) was elaborated and 
tested by Ferrasse and Lecomte (2004) for total heat 
of evaporation ΔHT determination. In this study, ΔHT 
of the PMS was measured based on a TG-DSC (SDT 
Q600, TA, USA). Fig.6a shows the total heat of va-
porization of the PMS. 

The moisture content of the bed at the end of the 
observed contact period Xi+1 is given by 

 
V R

1
DS

,i+ i
m t A

X X
m

= −
&

                        (8) 

 
where A is the hot surface area of the dryer, and was 
calculated to be 0.09 m2. mDS is the dry solid content 
of the PMS. The contact time tR is expressed by 
 

tR=Nmix/n,                               (9) 
 
where n is the stirrer speed of the shafts. Nmix is the 
mixing number which is usually predicted by existing 
correlations between Nmix and Froude number or by 
fitting to experimental data (Schlünder and Mollekopf, 
1984). Unfortunately, the existing correlations de-
veloped by Mollekopf (1983) did not refer to the twin 
 

Fig.5  Temperature profiles and heat fluxes during a 
contact period 
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shafts paddle dryers adopted in this study. As a con-
sequence, the mixing number was determined by 
fitting to the experimental data. 

The drying rate V( )m& at the PMS bed surface is 
given by assuming the Lewis hypothesis as 

 
2H Oc

V
P,G air

Mh
m

c M
=& ln[(PT−PV)/(PT−PV,S(TS))],   (10) 

 
where hc is given by equations (Tsotsas and Schlünder, 
1986) that are valid for free and/or forced convection 
around solid bodies; cP,G is the heat capacity of the 
carrier gas; 

2H OM  and airM  is the molar mass of 

water and air, respectively; PT is the total pressure on 
the PMS bed surface. The PMS hygroscopicity is 
taken into account. Therefore, the partial pressure of 
water vapor (PV,S(TS)) at the bed surface is calculated 
by modifying the water saturation pressure PV,sat by 
introducing the water activity (aw) of the PMS (Ge-
vaudan and Andrieu, 1991): 

PV,S(TS)=PV,sat·aw.                     (11) 
 

aw was also measured by TG-DSC which was intro-
duced by Ferrasse and Lecomte (2004), and the result 
is shown in Fig.6b. 

Other parameters bound to the PMS are sludge 
particle diameter (d), thermal conductivity (λb,w) and 
thermal diffusivity (Kb) of the sludge bed, which are 
important for the contact resistance and penetration 
resistance calculation. Fig.7a shows the sludge parti-
cle diameters in the granular and pasty phases which 
were determined by a particle size analyzer (Master-
sizer 2000, UK). A method introduced by Dewil et 
al.(2005) is adopted for Kb and λb,w determination, 
and the result are shown in Fig.7b. It can be found that 
the thermal conductivity of the PMS is nearly con-
stant as the water content is between 2.0 and 3.3 kg 
water per kg DS, but continuously decreases when the 
water content is less than 2.0 kg water per kg DS. 

As shown in Fig.3, there was a massive decrease 
in the drying rate within the moisture range of 
0.82~2.25 kg water per kg DS, which was caused by 
additional heat transfer resistance of sludge wall  
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Thermal diffusivity
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Fig.7  Sludge particle size distributions in the pasty and 
granular phases (a), and thermal conductivity and ther-
mal diffusivity of the PMS bed measured at 25 °C (b) 
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formed on the hot surface of the paddles and shafts. 
According to the drying kinetics discussed above, it is 
assumed that this sludge wall grows continuously in 
the moisture range of 1.53~2.25 kg water per kg DS, 
keeps constant in the moisture range of 1.11~1.53 kg 
water per kg DS, and decreases continuously in the 
moisture range of 0.82~1.11 kg water per kg DS. By 
modifying Eq.(5), this phenomenon can be integrated 
into the model as 

 

*
ws oil wall ws b,w

1 1 1 1 .
h h h h

δ
λ

= + + +             (12) 

 
The heat transfer resistance of the sludge wall 

δ/λb,w is calculated using a moisture dependent 
thickness of the sludge wall δ (Fig.8). The maximum 
thickness of the sludge wall is limited by the depth of 
the paddles, which is 16.75 mm. 

 
 
 
 
 
 
 
 
 
 
 
 
 
Based on the discussion mentioned above, the 

drying kinetics of the PMS can be calculated theo-
retically. Fig.9 shows the comparison between the 
experimental and theoretical data of the drying ki-
netics. The experimental data and the calculated one 
are in good agreement, and the heat transfer resistance 
of the sludge wall can well illustrate the massive 
decrease in the drying rate in the moisture range of 
0.82~2.25 kg water per kg DS. The result also proves 
that the penetration model can be successfully ex-
tended to simulate the contact drying kinetics of the 
PMS. Fig.9 also shows the comparison between ex-
perimental and calculated data of the sludge tem-
perature. The sludge temperature increased quickly 
from ambient to the experimental temperature at the 
beginning of the drying process, decreased in the 
lumpy phase due to deterioration of the agitation  

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
effect, and markedly increased in the granular phase. 
The measured temperature is in acceptable agreement 
with the calculated temperature. 

 
Volatile compounds emission  

Gostelow et al.(2001) reviewed odorants meas-
urement and listed 39 typical odorants associated with 
sewage treatment works, including reduced sulfur 
bearing compounds, amine compounds, organic acids, 
aldehydes and ketones. However, the analytical 
measurements are complicated by the large number of 
VCs presents, often at concentrations close to the 
detection limits. It is almost impossible to identify all 
VCs emissions by one-off measurement. Therefore, 
the main objectives of this study were to identify the 
VCs with high concentrations that can be easily 
identified during the PMS drying process. 

The emission characteristics of VCs during the 
PMS drying process were studied in our previous 
research (Deng et al., 2008), where the formation 
mechanisms of VCs were discussed based on the 
experimental results from a static drying test. The 

Fig.8  Moisture dependence of sludge wall thickness 
(Toil=180 °C, n=17 r/min) 

0       0.5     1.0     1.5     2.0      2.5     3.0      3.5 
Water content (kg water/kg DS) 

0.020 

0.016 

0.012 

0.008 

0.004 

0 

δ 
(m

) 
 Fig.9  Comparison between experimental (180 °C) and 

theoretical (calculated value) data of drying kinetics (a) 
and sludge temperature (b) 

Water content (kg water/kg DS) 
(a) 

(b) 

180
Calculated value

°C

0        0.5      1.0      1.5      2.0      2.5      3.0      3.5 

0.0035 

0.0030 

0.0025 

0.0020 

0.0015 

0.0010 

0.0005 

        0 

 

D
ry

in
g 

ra
te

 (k
g 

w
at

er
/(m

2 ·s)
) 

 

180 °C 

180
Calculated value
180 °C 

0        0.5      1.0      1.5      2.0      2.5      3.0      3.5 
Water content (kg water/kg DS) 

160

140

120

100

80

60

40

20

  0

Sl
ud

ge
 te

m
pe

ra
tu

re
 (°

C
) 

 



Deng et al. / J Zhejiang Univ Sci A   2009 10(11):1670-1677 
 

1676 

gaseous samples emitted from sludge drying were 
continuously measured by an on-line FTIR gas ana-
lyzer. The result indicated that mainly five kinds of 
VCs, i.e., volatile fatty acids (VFAs), heptanes, 
methane, ammonia and carbon dioxide, emitted dur-
ing the PMS drying process. Different from previous 
research (Deng et al., 2008), which focused on the 
VCs emission from a static drying test and a pilot 
scale drying test, the evolution of the VCs emission 
with the decrease of water content during the contact 
drying process was studied. 

In this study, the gaseous sample was continu-
ously measured at the position after the condenser. 
Fig.10 shows the emission rate of the VCs during the 
contact drying process. It can be found that the emis-
sion rate curves of the VFAs and ammonia (Fig.10) 
are strongly interrelated with the drying rate curve 
(Fig.3). The emission abilities of the VFAs, ammonia 
and heptane markedly decreased in the lumpy phase, 
where the drying rate of the PMS also markedly de-
creased. Therefore, it can be concluded that the 
emission rates of the VCs were significantly 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

affected by the drying rate of the PMS. Fig.10 also 
shows that, the emission rates of the heptane and 
methane markedly increased at the end of the PMS 
drying process. The reason is that, firstly, as shown in 
Fig.9, there was a sharp increase in sludge tempera-
ture at the end of the drying process; secondly, as 
discussed in our previous research (Deng et al., 2008), 
the heptane and methane are formed from thermal 
degradation of more complex organics. As a conse-
quence, the higher temperature will promote the 
formation of the heptane and methane. 
 
 
CONCLUSION 
 

Contact drying kinetics of the PMS in a paddle 
dryer can be divided into three distinct phases, i.e., 
pasty, lumpy and granular phases. There was a 
marked decrease in drying rate in the lumpy phase 
due to the deterioration of the agitation effect of the 
paddles. The model proposed by Tsotsas and 
Schlünder (1986) can be successfully extended to 
simulate the contact drying of the PMS, by providing 
the sludge’s parameters, i.e., particle size, desorption 
isotherm, heat of vaporization, thermal conductivity 
and thermal diffusivity of the PMS. Based on our 
previous research (Deng et al., 2008), the emission 
characteristics of VCs, i.e., VFAs, heptane, ammonia, 
methane, carbon dioxide, were studied during the 
contact drying process. The result indicated that the 
emission rate of the VCs is interrelated to the drying 
rate of the PMS, especially for the VFAs and ammonia. 
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