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Abstract
The article provides the specification of the experimental testing method of the heat exchange between the
fluidized bed and the heating surface immersed therein during ship’s movements on the waves causing interference.
The research works have been conducted on physical model of fluidized bed boiler positioned in the cradle simulating
the vessel’s motion on regular wave of sinusoidal type. The design features of the test stand make it possible to
conduct the testing for the processes occurring in the boilers both with bubbling and the circulating fluidized beds.
The method of determination of the heat transfer coefficient has been specified. The presented research results of the
heat transfer coefficient have proven that the conditions of heat transfer are of explicitly local nature strongly related
with the mass of the material present in the fluidizing column, flow-through conditions, fluidizing column inclination
angle from vertical and swinging movement of the platform. The testing results encourage to continue the research
works on a larger scale aiming to verify the hypothesis that in the shipboard conditions the circulating fluidized bed is
less susceptible to the ship’s rolling than the bubbling fluidized bed and that the significant conditions of heat
exchange are not impaired.
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1. Introduction
Diesel engines prevail in the modern shipboard propulsion systems. This predominant position
results from their high efficiency which in case of two-stroke low-speed engines exceeds 50% as
well as the possibility of burning low quality cheaper fuels. However, while developing the future
ship’s propulsion systems one needs to account for the decreasing oil resources and the experience
proving the strong influence of some political events or natural disasters on the oil prices. Thus the
research in the field of application of the alternative fuels is of urgent nature at present. The basic
role here is played by coal which already in the past fuel crises proved to be a sound alternative
fuel. Its resources are sumptuous as according to the USA Energy Information Administration with
the current global energy consumption maintained the coal resources would suffice for 600 years.
Also in terms of price the present cost of energy production from coal is approximately 6 times
less than that from oil [6].
However, a serious deficiency of coal as a fuel is high emission of CO2. As much as 41% of
global emission of this compound in the energy production comes from coal combustion. Within
the land power engineering it is planned therefore to apply systems separating CO2 to store it in the
earth and to apply advanced power engineering technologies. The fluidizing reactors within IGCC
are considered as particularly attractive in view of their high efficiency and purity of the energy
production [5]. Because of the size of the installations and degree of complexity of the system, it is
not suitable at the present stage to be applied on board ships. However, coal application can be
assumed as fuel on ships by its combustion in high efficiency fluid-bed boilers. The problem of
CO2 emission may be solved on the other hand in the future by its separation from exhaust gases
and subsequent release into the water [4]. The studies of the possibility of application of these

boilers on ships have been assumed by the end of the 1980’ of the last century in Germany [3]. In
view of the shortage of the information on the experimental research in this respect a test stand for
the pilot testing of the physical model of the “shipboard” fluidized bed boiler has been built in the
Department of Heat Engines and Marine Power Plants of the Faculty of Maritime Technology of
the Szczecin University of Technology [1].
2. Measurement Apparatus and Technique
The specially designed and executed test stand enables the testing to be conducted for the
processes occurring in the boilers both with the bubbling and circulating fluidized beds in the
conditions simulating the ship’s motion on waves. The detailed diagram and the specification of
the stand has been provided by the author in the study [1]. The Fig. 1 shows the view of the stand
while the column is inclined (a) and the interior of the fluidizing chamber (b).
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Fig.1. View of the stand

A static method has been adopted for the investigation of the local heat transfer coefficients
between the fluidized bed and the heating surface immersed therein. This method is based on the
energy balance in the stabilised condition of the set-up: heating surface – fluidized bed. A pipe
with electric spiral (electric heater) forms the heating surface. The determined value of the local
coefficient of heat transfer αav is a mean value that can be obtained from the Newton's equation
α av =

Q&
,
A∆t

(1)

where:
Q& – heat stream supplied to the set-up,
A – heating pipe surface,
∆t – difference of the mean temperatures of heating pipe surface and fluidized bed.
The heat stream is determined on the basis of the measurement of the electric current supplying
the heating spiral placed inside the pipe. In the preliminary investigations the provision has been
made for the temperature readout in 6 points of the bed above the heater, the points located in two
rows in the plane of symmetry of column and heater. In the row situated closer to the heater three
thermocouples are positioned, and in the farther row three remaining ones. The temperature of the

heater wall is measured by use of thermocouple made fast to its surface from the top. As the pipe
is made of copper thus the material of high heat conductivity coefficient, a uniform temperature
distribution all over its surface has been assumed. Additionally the interior of the pipe where the
electric spiral is placed has been filled with sand thus increasing its thermal inertia and the uniform
heating of the wall. Teflon bar/plugs have been inserted in both ends of the pipe to reduce the heat
losses from the fore walls. Heat transfer coefficients have been calculated as average values from
at least three temperature readouts upon reaching the stable condition by the set-up. The layout of
heater and thermocouples inside the column which are also visible in the Fig. 1b is shown in
Fig. 2.
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Fig. 2. The positioning of heater and thermocouples in fluidizing column

Poppy seeds have been used for the purpose of the pilot testing of heat transfer coefficient at
the stand in question. The seeds have the shape similar to ball of diameter d = 1 mm and the
density nearly three times less than sand, ie ρS = 714 g/m3. The velocity of the beginning of the
fluidizing (vlkr) for poppy seeds is 0.17 m/s. Owing to this it has been possible to apply lower
capacity blower and eliminate the risk of scratching the column.
3. The Results of Testing and their Analysis
The described method has been used at the erected stand to conduct several pilot measurements
in respect to various aspects of bed behaviour. These allowed to evaluate the model suitability for
conducting the experiments on a larger scale in the future. The first test aimed at determination of
the local heat transfer coefficients for the bed of stationary height H=12 cm , in the function of
fluidizing air jet velocity. The bed transition into fluidized state has been observed at air velocity
of vf=2.2 m/s. The air velocity has been increased in steps until the moment when the grains were
raising from the column which was observed at the velocity of 6.2 m/s. Since that moment the
transition to the circulating fluidized bed took place owing to the system of grain reverse in the
model. The heat transfer coefficients have been determined on the basis of the measurements for
each velocity, upon reaching the stabilised condition by the set-up. The power of the heater during

the experiment has been maintained at the constant level of Q& = 45 W. Figure 3 presents the values
of the local heat coefficients in the column axis at the height of 25 and 55 mm above the heater
(points 2 and 4 in diagram in Fig. 2).
Initially the coefficient value increase followed by the marked decrease has been observed
along with the increase of the air velocity. The moment of the rapid drop in the values of the heat
transfer coefficients occurred as the deposited material arose and began to circulate. This is
explained by the fact that air velocity increase is accompanied by a large decrease of material
concentration [2]. As evident from the graph of the local values of the heat transfer coefficients in
points 2 and 4 differ slightly. Still somewhat bigger value of the coefficient in the point closer to
the heater prevails
For the comparison the same figure shows the values of the local heat transfer coefficients in
clean air without poppy seeds (H=0). As can be seen the heat transfer coefficients in the bubbling
phase are significantly higher and only upon its dilution and transition into the circulation phase
these get closer to the values achieved in clean air. The heat transfer coefficients in air grow in the
obvious manner together with velocity, the value of the coefficient being somewhat higher at the
point closer to the heater.
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Fig.3. Local heat transfer coefficients for the fluidized bed and air in the function of air velocity

A similar experiment has been conducted for H=9 cm in order to establish the influence of the
ratio of the stationary bed height to the column diameter (H/D) so as to allow in the future to
record the test results pursuant to the theory of similarity by means of the dimensionless equation,
eg of the following type:
H
Nu = f (Re, ) ,
(2)
D
where:
Nu – Nusselt’s number,
Re – Reynold’s number.
The results of the measurements of the local heat coefficients for the beds of stationary heights
H=9 cm and H=12 cm are shown in Fig. 4.
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Fig. 4. Local heat transfer coefficients for fluidized bed in the function of the air velocity for poppy seeds for the
stationary bed heights of H=9 cm and H=12 cm.

It shows that for bigger stationary height of the bed in the same points higher values of local
heat transfer coefficients occur. This can be explained by the higher poppy seed concentration in
way of the measurement points. Because of the scarce number of experiments done so far with
various stationary heights this tendency cannot be regarded as a lasting or permanent one. With
bed heights even bigger the fluidizing nature is likely to be altered, e.g. channelling would occur
which would influence the conditions of heat exchange.
The investigation of the fluidized bed during the constant inclination of the column has been an
experiment related to the conditions likely to occur in the boiler operation on ship. Figure 5
presents the hydrodynamic characteristics of 9 cm high (in vertical) stationary bed for the constant
inclination angle of 30°. In these conditions the bed gets fluidized faster. This is caused by the outof-parallel location of the bed surface in relation to the grid. The bed movements have been
observed already at the velocity of approximately 1.4 m/s in its “more shallow” part. A distinctive
circulation of the grains has been noticed as the fluidizing air velocity has been increased upon the
bed reaching the full bubbling fluidized condition. The produced circulating movement is of the
dextrorotary type (right-sided) with the column inclined to the right and just the opposite –
levulorotary type (left-sided) with the inclination to the left. Figure 6 demonstrates the movement
of the material in column during inclination to the right.
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Fig. 5. Hydrodynamic characteristics of the bed (H=9cm) with the column inclined by 30°
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Fig. 6. Diagram of the grain movement in bed
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For the purpose of comparison the investigation of the local heat transfer coefficients has been
conducted for the column both position in vertical as well as inclined for the bubbling bed. The
results of these tests are shown in Fig. 7.
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Fig. 7. Local heat transfer coefficients for the fluidized bed in the function of velocity for poppy seeds with the column
positioned in vertical and inclined by 30°

The experiment indicates a marked decrease of the local heat transfer coefficients in all
measurement points for the column inclined. For the sake of clarity the coefficient values are
presented in the axis of column, i.e. in points 2 and 4. The decrease in the value of the coefficients
is caused most probably by the poppy seeds circulating movement which has been produced in the
bed.
The figures 8, 9 and 10 present on the other hand the values of the local heat transfer
coefficients determined along the parallel line to heater axis at the distance of 25 mm above it
(measuring points 1, 2 and 3) for the vertical column (Fig. 8), column inclined by 30° to the right
(Fig. 9) and inclined by 30° to the left (Fig. 10). In every case values are presented for two
different air velocities. The mass of the loose material in both cases has been the same and
corresponded to the height of stationary bed in the vertical column H=12 cm. In all cases it can be
seen that the biggest value is reached by the heat transfer coefficients in the column axis thus over
the heater centre. Slightly less values achieved at the walls may result from the circulation inside
bed caused by wall-related effect.
Comparison of the values of the heat transfer coefficients for three column positions looks
interesting. Column inclination from the vertical results in reduction of the value of the heat

transfer coefficient at the side towards which the inclination took place. This may be the effect of
the differentiation of poppy seeds concentration on both sides of the inclined column.
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Fig. 8. Values of the local heat transfer coefficients at the line of 25 mm above heater for the vertically positioned
column
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Fig. 9. The values of the local heat transfer coefficients along the line 25 mm above the heater for the column inclined
by 30° to the right
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Fig. 10. The values of the local heat transfer coefficients along the line 25 mm above the heater for the column
inclined by 30° to the left

The last testing of the bed the results of which are illustrated in Fig. 11 consisted in the
determination of the mean values of the local heat transfer coefficients at the parallel line to heater
axis 25 mm above it (measuring points 1, 2 and 3) during constant pendular motion of the column
in the period of 28 seconds and with the air velocity 3.5 m/s. Getting the column into pendular
motion caused the decrease in the mean values of heat transfer coefficients in these points. This is
explained by the temporary cyclical dilution of the bed in accordance with the column swing
period.
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Fig. 11. The values of the local heat transfer coefficients along the line 25 mm above the heater for the column
constantly positioned vertically (alpha V) and during constant pendular movement with the 28 s period (alpha P)

4. Conclusions
The presented results of the pilot testing confirm the suitability of the model and the applied
method for the bigger scale research. The conditions of the hear transfer are of visibly local nature
depending on the mass of the loose material present in the column, on flow-through conditions, on
the angle of column positioning and its pendular movement. Further investigations are necessary
to determine the relation for the specification of the heat transfer coefficient. From the results
obtained for the vertically positioned column which are confirmed in literature it is deemed
purposeful to conduct research works mainly for various column positions as well as for the
column being in constant motion both with bubbling and circulating fluidized bed.
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