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h i g h l i g h t s

� The drying process of long cylindrical oily sludge was studied.
� A drying model was developed in Boltzmann form: MR ¼ A1/(1 þ e(t�k)/n).
� The developed model accurately predicted the drying process of oily sludge.
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a b s t r a c t

The drying of oily sludge is an essential preliminary step for further effective thermal utilization. In this
paper the effects of different diameters (4e8 mm) and temperatures (105e250 �C) on the drying
characteristics of long cylindrical oily sludge made by the sludge shaper were studied. The drying
characteristics were studied in an electro-thermal constant-temperature dry box. Results indicate that an
increase in temperature and a decrease in diameter accelerate the drying rate and shorten the drying
time. After drying, fractures appeared in the solid skeleton of long cylindrical oily sludge, resulting in the
production of smaller cylindrically-shaped particles. Besides the experimental analysis, a mathematical
drying model was selected for such a long cylindrical oily sludge. Based on the obtained experimental
data, a Boltzmann drying model was written in the following form: MR (moisture ratio) ¼ A1/(1 þ e(t�k)/

n). The mathematical model can be used to predict accurately the drying process of the long cylindrical
sludge in the temperature range of the experiment. The model can furthermore be used to develop more
efficient sludge drying equipment.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Currently themain sources of energy in theworld are petroleum
derived products [1]. During crude oil exploitation, processing
operations and other chemical and industrial operations in re-
fineries, a large quantity of oily sludge (or oil sludge) is generated
[2]. It has been reported that more than 60 million tons of oily
sludge is produced every year and more than 1 billion tons of oily
sludge has been accumulated worldwide [3]. Because of differences
in crude oil source, processing scheme, and other chemical and
industrial operation in refineries, the oily content of oily sludge
varies over a wide range. The heavier and lighter petroleum

hydrocarbons and other organic compounds in oily sludge can be
generally classified into four fractions, including nitrogen-, sulfur-
and oxygen-containing compounds, aromatics, aliphatics, and
asphaltenes [4]. Usually, oily sludge is composed of 8e10%
asphaltenes, 28e31% aromatics, 40e52% alkanes, and 7e22.4%
resins by mass [4]. In pyrolysis process, about 80% of total organic
carbon content in oily sludge converted into hydrocarbons and an
important hydrocarbon yield occurred at temperatures between
327 and 450 �C [5]. The separation of oil from oily sludge occurred
from 460 to 650 �C [6]. Due to the increasing production quantity
around the world and its hazardous nature, oily sludge has become
the center of a major research effort in terms of effective remedi-
ation [7].

Oily sludge is a complex mixture that contains large quantities
of water, various petroleum hydrocarbons, heavy metals and solid
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particles [8]. With the exploration and development of oilfields, the
increasing amount of oily sludge aggravates the environmental
pollution. Due to the rising energy costs and because environ-
mental impact become of great concern worldwide, reducing the
toxicity of oil sludge, and recovering oil by removing water and
solids is receiving increased attention [9]. Following this statement,
removing of water from oily sludge is as important as dewatering
(or drying) of sewage sludge [10,11]. Industries currently use
expensive centrifuge and filtration operations as well as heat and
chemical treatments to dry oily sludge and other waste materials.
High water content is the primary problem for sludge further
treatment and disposal [12]. Drying is often a necessary step during
the process of sludge treatment. It largely reduces the moisture
content, and increases the calorific value of the sludge. Dried sludge
lowers costs in transporting and storage and is used as acceptable
combustible materials [13]. The methods currently used to dry
sludge include conductive heat transfer inside a screw dryer, and
convective heat transfer directly from the hot gas [14]. During the
air drying process, water from sludge is primarily removed by air
convection, and free water mainly evaporates [15]. The main
mechanism of water removal is convective evaporation [16]. In
literature different factors that affect the drying kinetics of sludge,
such as drying air temperature, velocity and different additive
agents were investigated and reported [17e19]. These studies
showed that the drying of sludge is a complex process, and that
further research is needed in this field.

There are three distinct contents in the oily sludge. These are the
oil, water, and solid content. It was reported that the oil represents
8e15%, the moisture 70e90%, and the solid represents 4e15%
content of the oily sludge [20]. Due to this reason it is not easy to
designing an effective thermal dryer of sludge largely due to the
complex drying mechanisms and complicated structures of sludge
[21,22]. Therefore sludge shapes and simulationmodels are of great
importance in design, construction and operation of drying
systems.

Many researchers focused their efforts on the study of the
drying characteristics and mathematical model of sludge. Ruiz and
Wisniewski [23] performed laboratory drying experiments of
sewage sludge in stationary atmosphere at a temperature of 30 �C.
The study presented the relationships between the hydro-textural
characteristics of the sludge, and predicted the sludge behavior
during drying according to its characteristics. Reyes et al. [24]
determined drying kinetics of sewage sludge in a laboratory dry-
ing tunnel with parallel airflowat different temperatures. The study
showed that the developed two-period model could be used to
simulate the entire drying process and to predict temperature and
air velocity during the drying process. Arlabosse et al. [25] designed
a set of laboratory scale experimental techniques and developed a
simple model of the continuous industrial dryer. The model pre-
dictions showed good agreement with the reported experimental
data. However, only few studies investigated the influence of sha-
ped sludge on the drying process. Shaped sludge contributes to the
sludge volume reduction, improves the efficiency of water evapo-
ration, and reduces the energy loses [26].

Currently, there are only few research studies on the drying
characteristics and mathematical modeling of the long cylindrical
oily sludge at low drying temperatures. The objective of the present
study was to experimentally investigate the air drying behavior of
the long cylindrical oily sludge at different drying temperatures and
of different diameters. Also, in this study, according to the experi-
mental observations, a predictive mathematical model of the long
cylindrical oily sludge drying process is to developed. The obtained
results, both experimental and mathematical, are of great impor-
tance in the effective design and the final adjustment and instal-
lation of the sludge drying equipment.

2. Materials and methods

2.1. Materials

Oily sludge analyzed in this study was obtained from Sinopec
Luoyang Company in Luoyang city, Henan Province, China. The
initial water and oil content for studied oily sludge sample were
89.9% and 7.55%, respectively. Oily sludge was thoroughly dried in
the oven at 105 �C until its mass did not change. After milling and
sieving into 50e200 mm in diameter, dried oily sludge was dried
again in the oven at a constant temperature of 105 �C for 24 h. The
ultimate and proximate analysis of dried oily sludge is shown in
Table 1. In Table 1, “Cad”, “Had”, “Oad”, “Nad” and “Sad” denote car-
bon content, hydrogen content, oxygen content, nitrogen content
and sulfur content as air dried basis respectively. “Mad”, “Vad”,
“FCad” and “Aad” denote moisture content, volatile content, fixed
carbon content and ash content as air dried basis respectively. As
can be seen dried oily sludge has a significant heating value.
During each forming process of oily sludge, the same amount of
sludge was weighed to ensure the same stack height of oily sludge
in the sludge shaper. We drove the screw arbor to extrude the long
cylindrical oily sludge samples with different diameters using
shaper plates of different size. The long cylindrical oily sludge
samples with different diameters (F4mm � 100 mm,
F6mm � 100 mm and F8mm � 100 mm) were obtained by the
sludge shaper. The initial masses of the long cylindrical oily sludge
samples with F4mm � 100 mm, F6mm � 100 mm and
F8mm � 100 mm in drying experiments by hot air were 1.00 g,
2.50 g, and 4.50 g respectively. The maximum deviation of the
initial mass of each sludge sample was controlled under 0.01 g.
The schematic figure of the long cylindrical sludge shaper is
shown in Fig. 1.

2.2. Experimental procedures

The experimental apparatus of sludge drying is shown in Fig. 2.
The drying experiments were conducted in an electro-thermal
constant-temperature dry box with different air temperatures.
When the temperature of the dry box reached the set temperature,
the prepared sludge sample on the aperture tray was introduced
into the dry box. The drying process started once the sample hung
on the peg of the automatic analytical balance. At the same time,
the weight change of the sludge sample was monitored online by
the computer monitoring software.

2.3. Evaluation indexes of drying

The wet basis moisture ratio of the long cylindrical oily sludge
during the drying process was calculated using the following
expression:

MR ¼ mt �m∞

mt
; (1)

wheremt is the sampleweight at time t, andm∞ is the dryweight of
the sample both in g.

The drying rate of the long cylindrical oily sludge can be
expressed as:

Drying rate ¼ MRtþdt �MRt
dt

; (2)

here the drying rate is expressed in min�1.
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