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Abstract

Bitumen should always be stored and handled at the lowest temperature possible, consistent with efficient use. At higher temperatures and
lower viscosities pumping is optimized; whereas at lower temperatures and higher viscosities pumping efficiency decreases rapidly. Thus
viscosity and its control by temperature is an important consideration in respect to all handling operations. The minimization of
bituminous hardening during storing, transportation and mixing depends on careful control of binder temperature. TRA ASFALTAS 08
regulates maximum permitted storage temperatures of various bitumens. Heating equipment of periodical asphalt mixing plant (AMP)
bitumen batching system (BBS) shall be designed to maintain the same temperature of the binder in the whole BBS. This article presents
the study of heat transfer in bitumen storage tanks and identifies the most important factors influencing on energy loss. The test showed
that energy loss in currently operated AMP is too high and may be reduced by changing technological parameters of bitumen heating,
updating and upgrading separate heating equipment and improving temperature control and handling of heating equipment. The method
of convection and radiation heat flow calculation in bitumen storage tank is presented. The findings obtained through the use of the
described method of heat flow calculation correspond to the actual data of the consumed electrical power displayed on AMP computer.

Keywords: bitumen; temperature; Asphalt Mixing Plant (AMP); Bitumen Batching System (BBS); heat transfer; convection; radiation;
viscosity; heat loss; energy loss.

Nomenclature

O the rate of convection heat transfer (W)

O, the rate of radiation heat transfer (W)

U the overall heat transfer coefficient (W/(m? -°K)

T temperature (°K)

A surface area (m?)

Greek symbols

o the individual convection heat transfer coefficient (W/m?-°K)
o thickness of the layer (m)

A heat transfer coefficient (W/(m?-°K)

1. Introduction

One of most important bitumen batching system (BBS) technological parameters is temperature, which influences the
physical, chemical, rheological and mechanical properties of the produced asphalt mixture. Bitumen may be rigid and
friable at low temperature, liquid and fluid at high temperature and semi-rigid or rigid at medium temperature. Bitumen
dynamic modulus due to temperature fluctuations from —30 °C to 50 °C change even 37 000 times [1]! When asphalt
mixture is produced of too cool and, therefore, too viscous (consistent) bitumen, it hardly turns into a thin film, which
should coat all mineral particles with solid layers of appropriate thickness and make a strong compacted structure of the
mixture. When too hot or overheated mineral aggregates are used, bitumen may burn: it degrades chemically, volatilizes, its
colloidal composition changes and rheological properties deteriorate.
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One of the most important engineering peculiarities of bitumen is that its main properties depend on temperature a lot.
The chemical composition [2] of bitumen is extremely complex. When conducting experimental investigations it is
separated into two main fractions: asphaltenes and maltenes. Maltenes are separated into saturates, aromatics and resins.
Four fractional groups are not clearly defined and overlap; however, rheological properties of bitumen may be determined
and controlled according to the interrelation of these groups by its chemical composition. Each of the four bitumen chemical
fractions has different temperature susceptibility. The formation of all these chemical fractions correlate differently
depending on the changing temperature of the binder. The presence of aromatics and asphaltenes may reduce temperature
susceptibility, and saturates and resins may have a negative impact on temperature susceptibility [3].

The most important bitumen ageing mechanisms are as follows: oxidation, volatilisation, steric or physical factors and
exudative hardening. Ageing due to oxidation is the key factor if compared with other factors impacting on ageing [4], [5].
Oxidation rate mostly depends on temperature [6], duration and intensity of interaction with oxygen as well as the thickness
of bitumen film, which coats aggregate particles [7]. Heating duration and temperature have a significant impact on such
rheological properties of bitumen as viscosity [8] or complex modulus. Scientists from various countries [9—11] have
investigated and compared forecasting models of the impact of bitumen‘s critically high temperature on the properties of hot
mix asphalt (HMA) mixture.

HMA mixture production requires huge energy resources. Investigations have proved that energy is frequently used
ineffectively in the production of HMA [12]. Bitumen in all BBS of asphalt mixing plant (AMP) is stored at the temperature
of ca 160 °C, and its temperature shall be the same in the whole system. Bitumen properties are destroyed through
overheating; it undergoes oxidation, i. e. rapid bitumen grade change occurs [13], [14] and harmful vaporisation intensifies
[15-17]. At low temperature, bitumen viscosity increases and it becomes more difficult to be pumped. The production of
warm mix asphalt (WMA) mixtures takes place at lower temperature; therefore, its production technology is one of the most
important factors influencing on the demand of energy [18].

HMA mixture is produced in AMP of various types and capabilities, different structure, productivity, various
technological schemes, the most popular of which are batch-type mixing plants [19], [20]. Energy consumption is a very
important parameter when purchasing a new AMP, which impacts on the cost price of HMA mixture and plant‘s
competitiveness [21]. Taking into account all technological processes, energy consumption of batch-type AMP is higher
than that of drum-type AMP. 1t is basically due to the fact that in a drum-type AMP mineral materials are dried, heated and
mixed in the same drum. Inspite of that, currently batch-type AMP are more popular due to their versatility, handling and
better quality of production [22]. Moreover, penetration of bitumen binder after the production process in a batch-type AMP
decreases by 14% less than after the production in a drum-type AMP [23].

Physical properties of bitumen binder depend on the temperature a lot [24]. Viscosity is a fundamental property, which
describes the resistance of liquid to deformations or flow, based on the internal friction of the molecules of that liquid.
When an asphalt mixture is produced and pavement is compacted, bitumen shall be of optimal viscosity. If bitumen
viscosity is too high when mixing asphalt mixture, aggregates will not be coated with the binder properly, and if its viscosity
is too low, bitumen will coat particles, but may drain when stored or transported. For satisfactory coating of aggregates,
bitumen viscosity shall be ca 0.2 Pa's. Dynamic viscosity may have impact on HMA mixture dynamic modulus £: when
viscosity increases, modulus increases too [25]. It has been proved that dynamic modulus £ may be used as a criterion of
road asphalt pavement resistance to rutting [26].

Dynamic viscosity is a key factor to be taken into account when pumping, transporting and storing bitumen. Viscosity
depends on the temperature, type and mark of the binder. Fig. 1 shows temperature-viscosity ratios of four marks of road
bitumen and two marks of oxidized bitumen. There are also three lines defining the temperatures at which pumping, mixing

and spraying possibilities are preserved [27], [28].
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Fig. 1. Kinematic viscosity as a function of temperature for paving grade bitumen. Design pumpability, mixability and sprayability [27]
To pump bitumen, higher temperature and lower viscosity are optimal; however, when viscosity is higher and

temperature is lower, the efficiency of pumping decreases very rapidly. Due to these reasons, when changing temperature,
the control of viscosity is an essential condition in performing all bitumen transporting operations. The selection of optimal
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temperature is important not only due to technological, but to economic reasons as well. The higher the temperature, the
more energy is consumed for heating bitumen, which increases the price cost of HMA mixture.

The aim of the paper is to investigate heat transfer occurring in bitumen tanks of AMP and to determine the key factors
influencing on thermal losses and increase power consumption. It also aims to evaluate how the electrical power
consumption for heating bitumen changes at different ambient temperature and the speed of the wind.

2. Heat transfer in BBS equipment

BBS of AMP is transport technological equipment for intaking, storing, heating, transporting and batching (weighing and
measuring) of a set mass (capacity) bitumen binder batches when producing HMA mixture. BBS consisting of tanks,
heating equipment, pumps, pipeline and a batcher is considered a complicated pipeline transport, which should not only
transport liquid bitumen binder from one place to another, but batch it accurately and protect from possible damage.

BBS consists of four main groups of technological equipment: tanks, technological pipeline, a batcher and BBS heating
equipment. Energy losses are incurred throughout all BBS. To heat bitumen in tanks, most of the energy consumed for
heating is used. Bitumen of various marks is stored in tanks, the temperature of which most frequently varies from 130 °C to
180 °C, depending on its mark. Each AMP contains 3—7 independent insulated tanks fitted with heating equipment. It also
contains a pipeline fitted with its individual heating elements, which connects the tanks with each other and a bitumen pump
to pump bitumen from a tanker to tanks. The manufacturers of different AMP offer both vertical and horizontal tanks most
often of the capacity of 60-120 m>. To produce various HMA mixtures, bitumen of various marks is used, the physical
properties of which differ; therefore, several tanks connected into one common system are usually mounted on each AMP.
The Lithuanian Inventory of Road Asphalt Mixture Specifications TRA ASFALTAS 08 [29] states the regulations on
various types of road and polymer-modified bitumen, which shall be complied with when selecting bitumen heating modes
(Table 1) [30], [31].

Table 1. Maximum permitted temperature of bitumen in a storage tank [31]

Bitumen Type of bitumen Maximum temperature °C
Road bitumen 20/30 200

35/50 190

50/70 180

70/100 180

100/150 170

160/220 170
PMB bitumen PMB 40/100-65E 190

PMB 25/55-60 180

PMB 45/80-55 180

PMB 65/105-50 180

Technological pipeline transport in an AMP is used to transport bitumen binder from a tanker to a tank, from one tank to
another and from a tank to a batcher. The peculiarity of this pipeline is that it has to comply with the technological
requirements when transporting the liquid: it shall be transported at such speed (debit), which guarantees the maximum
AMP job-mix formula efficiency. When transported, the same temperature of bitumen shall be maintained to ensure
uniform viscosity and high quality mixing (the mixture was heterogeneous). US standard ASTM D2493 / D2493M [32]
presents the graph of bitumen temperature and viscosity dependences, which shows how the dynamic viscosity of the
mixture changes depending on its temperature (Table 2). When the temperature of bitumen falls from 160 °C to 140 °C, its
dynamic viscosity increases 3 times, and when it falls to 100 °C, it increases by 60—70 times! Maximum permitted bitumen
storage temperatures are laid down in the Lithuanian Specifications TRA ASFALTAS [29].

Table 2. Dynamic viscosity of bitumen of varying temperatures [32]

Temperature ¢, °C Dynamic viscosity #, Pa's
180 0.07
160 0.1
140 0.3
120 0.8-0.9
100 67
80 25

BBS pipeline is insulated and heated at its full length. Heating cables, which are divided into separate segments, are
switched on when heating sensors send a signal about the dropped temperature below the set level (frequently when HMA
mixture production does not takes place) in a pipeline. To transport the bitumen, gear bitumen pumps driven by three-phase
engines of various productivity are used. Pumps are fitted with independent heating elements. BBS heating equipment and
thermal insulation in tanks, pipeline and a batcher, shall ensure uniform temperature of the hot binder in the whole system
and minimum power consumption.
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The temperature maintained in bitumen storage tanks of oil refinery plants, tankers transporting bitumen or railway
cisterns is 140—160 °C, but not lower than minimum pumping temperature of ca 120 °C (for different marks it varies a little
bit). Heating equipment is usually installed on the floor of the tank of vehicles, which enables to maintain the workable
temperature of bitumen during transportation. It is aimed to deliver bitumen of workable temperature as its heating from the
temperature lower than 140 °C may take almost a week depending on the quantity of the heated bitumen. Losses are also
incurred due to additional energy consumption and the time is wasted. The number of heating and cooling cycles also has an
impact on the change of hot binder properties. When crude oil is refined and transported and during technological stages of
HMA mixture production, bitumen is rarely cooled to the ambient temperature. Moreover, it frequently occurs only in an oil
refinery plant or AMP in winter or at the end of the road construction works season. It takes a lot of time, and up to 4,500
kWh of electrical power may be consumed in 24 hours to heat some 60 m?® capacity bitumen tanks filled only by 50 per cent.
The rate of short-term ageing in tanks depends on the number of heating and cooling cycles of bitumen stored in AMP
tanks. The rate of ageing due to volatile fraction vaporisation and change of the binder grade near the heating elements
depends on the time of storage of bitumen in the tank. Storage and preparation for use of bitumen necessary for HMA
mixture production is an energy-consuming and expensive process. Bitumen of various marks is usually stored at the
temperatures of 150—170 °C; therefore, to maintain the set temperature, powerful 9—46 kW capacity heating elements shall
be installed in the tanks. The most important factors influencing on the rate of heat flow in a bitumen tank is bitumen
content and temperature in a tank; however, the flow is impacted by other factors as well (Fig. 2).

—{ Bitumen and air (gas) volumes in the tank (3, V) |
—{ Required (design) bitumen temperature 7, ‘
—{ Geometric paramters of tank (height 4, diameter d) |

—{ Thickness of layers and properties of materials of bitumen tank wall (o, a, 1) |

—{ Physical (thermal) properties of bitumen (a, 4,) ‘

—{ Ambient air temperature 7, ‘

—{ Wind speed v ‘

Fig. 2. Factors influencing the flow of heat Q in the bitumen tank of AMP

Factors influencing the flow of
heat O in the bitumen tank of AMP

In a bitumen tank heat may be transferred in three ways: through conduction, convection and radiation. In convection,
heat is transferred by liquid or gas. In case of BBS, bitumen in tanks transfers heat via the wall of the tank by air molecules
outside the tank. Convection heat transfer is always related to the conduction heat transfer all liquids and gases are more or
less conductive to heat. The rate of convection heat transfer is calculated as follows:

Qc:AU(Tb_Tair), (1)
here Q. — convective heat transfer, W; U — the overall heat transfer coefficient W/(m? -°K); 7, — bitumen temperature, °K;
T.ir — ambient air temperature, °K.

Thermal radiation propagates through the vacuum of space. The heat of the hotter part of the body turns into radiation
energy and propagates by electromagnetic waves in all directions. When it is transferred to another body, it may sink and
become heating energy. In the case of the bitumen tank under investigation (Fig. 3a, b), bitumen of average temperature 7}
and heat transfer coefficient a; washes from one side through a multi-layered wall, the thickness of which are o}, 6iz01, 03,
heat conductivity coefficients 1, Ai-o1., 13 and surface area 4; whereas on the other side it is exposed to air at 7, and az. T >
Tair. The temperatures of wall surfaces are not known, but it is clear that Ty, > T2 > Ty3 > Ty, as T > Tair (Fig. 3¢). Suppose
the process of heat transfer is stationary, then heat transfer coefficient U is equal to:

1
U =
1,0 O 05, 1
491 ﬂ‘l ﬂ'lnsul ﬂ@ ) , (2)

here a; — the individual convection heat transfer coefficient for bitumen, W/m?-°K; ¢ ; — steel wall thickness, m; 1; — the
thermal conductivity of the steel, W/m:°K; ¢ jusu — insulation thickness, m; Adinu — the thermal conductivity of the insulation,
W/m-°K; g3 — tin sheet thickness, m; 13 — the thermal conductivity of the tin sheet, W/m-°K; a. — the individual convection
heat transfer coefficient for ambient air, W/m? -°K.
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Fig. 3. Bitumen tank: a — image of tank; b — scheme of tank; c —scheme of wall layers of bitumen tank (1 — layer of steel wall; 2 — layer of insulation;
3 — layer of decorative tin sheet to protect against external influences)

It is possible to transfer heat by radiation from one place to another in two cases: when the surfaces of the bodies are
parallel and when one body surrounds the other. In the first case and in the case under investigation the heat flow is
calculated according to Stefan-Boltzmann law:

4 4
T T
—e Codll =L | - ==
Or=£.C ‘[100) [100)
, (3)

here O, — heat flux, W; T}, T> — body surface temperature, °K; &, — emissivity is the ratio of a surface's ability to emit radiant
energy compared with the ability of a perfect black body of the same area at the same temperature.; Cy — Stefan-Boltzmann
constant (5.67 W m 2 °K™#). The total heat flux due to convection and radiation is calculated:

Q:Qc"‘Qr_ )

When the general heat flow is determined, the amount of energy necessary to restore the workable bitumen temperature
may be calculated due to radiation and convection.

3. Investigation of Power Losses in BBS

AMP tanks, a batcher, pumps, valves and other BBS elements are fitted with independent heating equipment. A tank is
heated by electricity or gas. Most of the heat is transferred to bitumen via the base heating element, which is protuberant ca
1 m above the tank‘s floor. Its power ranges from 23 to 46 kW. Additional heating takes place via additional heating
equipment at the very bottom of tanks, which generate the power of 12 kW. Additional heating equipment consists of a
cable laid on the whole bottom area (up to 20 m) or heating bars. Different manufacturers of tanks manufacture heat tanks of
different materials and insulating materials of various thickness. There is no data showing that the insulating layer is
selected according to the exploitation place of AMP. Therefore, in the future it will be important to investigate if AMP
manufacturers justly do not offer different tanks of different insulating parameters (i.e. taking into account a region, climate,
applied HMA mixture production technologies).

To maintain the same temperature in a pipeline when bitumen is not produced, all BBS pipeline is heated as well.
Moreover, the whole pipeline is insulated: 1 m of a pipe is wrapped with ca 2 m of heating cable, the power of which is 60
W/ 1 m. Bitumen pumps are heated by contact heating elements. To heat a batcher, heated oil or a heating cable is used. The
biggest problems related to BBS heating equipment are as follows:

e Some types of BBS equipment are not properly insulated. Heat energy freely radiates to ambient air;

e at critical BBS points bitumen congestion occurs due to cooled elements of the system;

e Heating of a pipeline by cable is ineffective due to irrationally divided outline of the cable (cable heating is turned on
when a heating sensor transfers a signal about the dropped temperature to the handling computer. If the outline is long,
the number of sensors mounted on it is too small (or there is only one) and bitumen cools differently at different spots.
Heating is not turned on independently from bitumen congestion occurring at poorly insulated points);

o It may take up to a few days to reheat the hardened bitumen in a pipeline.
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The study shows that heat losses in BBS depend on the temperatures of bitumen and ambient air, wind speed, ratio of
bitumen and air in a tank (bitumen content in a tank), thickness of the tank‘s wall layers, insulation properties and the
quality of mounting. When studying the bitumen tanks of one AMP 6 operating in Lithuania, the electrical power
consumption of the base and additional heating equipment of the tank in 24 hours was investigated (Fig. 4a).

a)

1314 kWh

Fig. 4. Data on: a— electrical power consumption in a 120 m® bitumen tank in October (the dotted line marks an average quantity of the power consumed
in 24 hours; 2 — the electrical power consumption in six bitumen storage tanks by base and additional heating equipment in October

The total average electrical power consumed by the heating equipment of all six tanks, the maximum capacity of which
is 246 kW, was analysed. Having calculated the arithmetic mean of all days of the month, it was identified that on average
electrical power consumption in 24 hours is 1.314 kWh.

Taking into account the dynamics of the power consumed by one tank, an assumption was made that geometrical and
insulating parameters of a tank have no impact on the power consumption. Having analysed the dynamics of power
consumption in a month, it was identified that most of the power is consumed when the temperature of bitumen in a tank
has to be increased. For example, on 8 October when 65 tonnes of bitumen had to be heated from 145 °C to 150 °C, even
1,078 kWh of power was consumed. Next day (9 October) almost 1,200 kWh had to be used to heat the same amount of the
binder up to 155 °C. To maintain the same temperature (not to allow it to cool) in a 65-tonne capacity bitumen tank, all
maximum power of the base heating equipment, i.e. 288 kWh, in 24 hours was used. Theoretically, the maximum amount of
heat transferred by heating equipment may be 1.392 kWh. The content of bitumen impacts on how much power will be
required to maintain the required temperature. To maintain steady temperature, the base heating equipment uses ca 35-40%
of power, and ca 60—65% of power is used to heat bitumen, e.g. delivered by a bitumen tanker (Fig. 3b).

The summary on the consumed power shows that the base heating equipment of the third tank under investigation was
operating at the capacity of 57%, and additional heating equipment worked at the capacity of more than 37%.

Having investigated the factual electrical power consumption in one of AMPs operating in Lithuania, it was found out
that ambient air temperature and wind speed have impact on the power consumed to heat 1 tonne of bitumen. Data on
average daily air temperature and wind speed in October were used for investigation. Base (46 kW) and additional (12 kW)
heating equipment in a 120 m* capacity tank heated bitumen up to 160 °C throughout the whole period under investigation.
Quantity g of the electrical power consumed to heat 1 tonne of bitumen was calculated by dividing the total amount of the
consumed energy in 24 hours by the quantity of bitumen content in tonnes in that tank:

a) b)
18 -
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Fig. 5. Dependence of the quantity of electrical power consumed to heat 1 tonne of bitumen in a tank in 24 hours on:
ambient air temperature (a); wind speed (b)

Having processed AMP computer data, which show the electrical power consumed each day of the month by the base
and additional heating equipment, the bitumen content and heating modes in a tank, it was identified from the the
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determination coefficient that 10 per cent of the electrical power consumed in 24 hours was impacted by ambient air
temperature and ca 12 per cent by wind speed (Fig. 5). It shows that other factors, such as initial bitumen temperature,
bitumen and air ratio in a tank, insulation characteristics of the tank‘s wall impact most on the heat flow.

Conclusions

1. To maintain sustainable temperature of dried and heated mineral aggregates in AMP during a working day and to
reduce the amount of natural gas used to heat them, the stockpiles of these materials should be sheltered. An AMP operator
shall constantly monitor the temperature of hot fractions and when it goes up, change the drying-heating mode (intensity of
burner’s flame) of cold mineral aggregates’ immediately. To save energy resources, to reduce air pollution and to protect
bitumen from overheating, WMA mixtures may be produced with it instead of HMA mixtures. Recently, the use of WMA
mixtures has been expanding in the world.

2. Power is used ineffectively in BBS equipment. Due to non-insulated BBS equipment, energy losses increase, it
becomes more difficult to control and regulate the general temperature of bitumen content in BBS, congestion of viscous
bitumen which impedes or stops altogether the flow of liquid bitumen in a pipeline occur. Unevenly insulated and at some
points not insulated at all technological equipment may be the cause of bitumen overheating. An operator sets too high
heating temperature not to allow bitumen to cool at the least insulated points, which speeds up the degradation of the binder.

3. The electrical power consumption to heat bitumen in a tank was 10 % influenced by ambient air temperature and ca
12% by wind speed. Having analysed average power consumption, it turned out that bitumen content in a tank, job-mix-
formula temperature and physical properties of the tank‘s wall layers are the main factors impacting on power consumption.
In the future, optimal heating modes of tanks shall be determined under Lithuanian climatic conditions taking into account
different day and night electrical power prices.
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