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 An advanced heat transfer technique was
used to quantify the heat transfer coefficient
locally and instantaneously.
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tubes on the local heat transfer coefficient
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vertical heat exchanging tubes on heat
transfer in gas-solid fluidized bed reactor.
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ABSTRACT
A fluidized bed reactor is commonly used for highly exothermic reactions for
different chemical industrial processes. However, inefficient removal of the
generated heat due to the exothermic reaction can seriously influence reactor
performance. Hence, quantifying and understanding the heat transfer phenomena
in this reactor is essential to enhance the performance of the reactor and,
consequently, the chemical process. To achieve a better quantification and
understanding of the heat transfer in this reactor, an advanced heat transfer
technique has been used in this study to quantify the impact of the presence of
the cooling tubes on the local heat transfer coefficient at four radial positions (r/R
= +/- 0.58, +/- 0.03) at an axial height of H/D =15 cm from the distributor plate
with a wide range of superficial gas velocities (0.2-0.48). It has been found that
the local heat transfer coefficient in the fluidized bed reactor equipped with a
bundle of vertical tubes increases significantly as superficial gas velocity
increases at the wall region, while different behavior was noticed at the center of
the reactor. M oreover, the results show that the local heat transfer significantly
decreases at the reactor's core region for all studied superficial gas velocities.
Furthermore, the new tube arrangement offers a uniform local heat transfer
profile for all studied operating conditions. The obtained new high-quality
experimental data for the local heat transfer coefficient in a fluidized bed reactor
equipped with a bundle of tubes can be used for validation CFD simulations,
developing mathematical models, facilitating design, scale-up, and operation of
this reactor.

1. Introduction
The depletion of natural energy resources is a serious issue that potentially has catastrophic effects on the world. For
example, the utilization of fossil fuels results in the emission of greenhouse gases during power generation, which is
responsible for global warming and climate change. Additionally, many non -renewable sources of energy that are utilized by
human beings will run out over time. It is difficult to ignore that the power generated from such sources harms the environme nt
and causes serious health problems. Therefore, studies must pay more attention to alternative energy sources to overcome such
concerns.
In the last decade, Fischer-Tropsch synthesis (FTS) has received more attention as an alternative source for the production
of ultra-clean transportation fuels, chemicals, and other hydrocarbon products through catalytic conversion of the synthesis gas
or syngas (i.e., a mixture of H2 and CO) derived from coal, natural gas, or biomass [1–6].
Moreover, the conversion of syngas can be done with a highly exothermic reaction, as the heat recovery is one of the
essential aspects of developing and implementing a reactor system for FTS reactions according to the following reaction
equation:
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This reaction is carried out in five major multiphase reactors: multi-tubular fixed-bed reactor, slurry phase reactor,
circulating fluidized-bed reactor, fluidized-bed reactor, and micro-channel or micro-structured reactors [7–12]. However, the
fluidized bed reactor is the preferable reactor in FTS when compared to other multiphase reactors because this reactor has an
extensive range of applications in a vast array of processes, such as polymerization, FTS, fluid catalytic cracking ( FCC), drying,
cooling, and solids coating [8,12–17]. The heat generated from the exothermicity of reaction in this reactor is considered one of
the main parameters affecting this reactor's performance. Accordingly, inserting a bundle of cooling tubes in this reactor is
necessary to eliminate the excessive heat and preserve the reaction temperature for processes with high exothermic reactions.
Despite the benefits of using these cooling tubes in removing the excess heat generating, these tubes will affect the
hydrodynamics, heat, and mass transfer rates in a very complex way. Quantifying the impact of vertical cooling tubes on
hydrodynamics, heat, and mass transfer rates is still poorly understood [12,15,19–21].
Quantifying the influence of vertical cooling tubes' presence on hydrodynamics, heat, and mass transfer rates is needed for
efficient design, scale-up, and operation of the fluidized bed reactor for the Fischer Tropsch process. This t ype of data is highly
needed in the literature because the design and scale-up of these reactors equipped with a bundle of cooling tubes are still based
on employing the correlations obtained from experimental data collected in fluidized bed reactors witho ut vertical cooling tubes
[14, 18, 22–24]. In addition, significant literature contributions have reported on heat transfer in fluidized bed reactors [23–26].
However, these literature contributions mainly focus on quantifying heat transfer in fluidized bed reactors without vertical
tubes. Comprehensive investigations of heat transfer in a fluidized bed reactor equipped with a vertical tube bundle are rare.
Still, very few studies investigated the hydrodynamic and heat transfer in gas -solid fluidized bed reactor with different heat
exchanging tubes using only one tube inserted horizontally or vertically with silica sand particle [16, 27–31].
Therefore, this study aims to investigate for the first time the impact of a bundle of vertical heat exchanging tubes on the
instantaneous and local heat transfer coefficient in a mimicked FTS fluidized bed reactor operating under different operating
conditions with a square-pitch tubes arrangement using an advanced heat transfer technique. Also, the experiments were carried
out using sand particles with a uniform particle size of 600µm
The obtained results and findings will improve the fundamental underst anding of the impact of a bundle of tubes on local
heat transfer in fluidized bed reactors. Moreover, the collected experimental data will serve as benchmarking data for valida ting
simulations and mathematical models. Furthermore, the gathered experimental data guide designing, scaling up, and operating
fluidized bed reactor for Fischer Tropsch synthesis.

2. Material and Methods
2.1 Materials
The bed material used in this study was silica sand particles with a uniform particle size of 600 µm that was sieved to a
standard size of 600 µm with a bulk density of 1570 kg/m3 . Table (1) exhibits the properties of this type of particle. It is
important to highlight that a material's particle size can significantly impact how it performs in applications . Therefore in this
study, a sieve analysis technique was performed.

2.2 Experimental Work
2.2.1 Experimental setup
In this study, an experimental mimicked Fischer-Tropsch fluidized bed reactor has been designed and manufactured from
Plexiglas with 0.13 m diameter and 1.83 m height, as shown schematically in Figure 1. In contrast, Figure 2 shows a photo of a
fluidized bed equipped with a bundle of heat exchanging tubes.
To simulate the industrial fluidized bed reactor used in FTS, a bundle of thirty stainless steel tubes was designed and
manufactured in this work to cover 25% of the cross -sectional area of the fluidized bed reactor[18, 32] . The tubes were
arranged using a square pitch tube designed by the SOLIDWORK software and printed by a 3D printer. Figure 3 shows the
schematic and photo of the square pitch tube arrangement. Finally, the thirty stainless steel tubes bundle was inserted vertically
inside the studied fluidized bed reactor.
Filtered and dried air passed to the column through the plenum section by a gas distributor. This gas distributor is
located at the top of the plenum section and is made of porous polyethylene with a pore size and plate thickness of 50
microns and 12.7 mm, respectively. The gas distributor was provided by (Genpore, BB2062-50BB-, USA). The selected gas
distributor plate provides uniform air distribution and supports the solid particles' weight after passing through calibrated
flowmeter. The calibrated flowmeter was chosen to satisfy the industrial flow rates. Also, this work was carried out using
silica sand particles to a static height of 35 cm. Experiments were conducted at superficial gas velocities based on the free
cross-sectional area, ranging from 0.2 m/s to 0.48 m/s , adjusted via an air flowmeter.
Table 1: The properties of silica sand particle
Properties

Silica Sand

Particle mean diameter (µm)
3

600

Particle density(kg/m )

1570

M inimum fluidization velocity (m/s)

0.116

Dynamic bed height (cm)

35-60

1106

Zahraa W. Hasan et al.

Engineering and Technology Journal 40 (09) (2022)1105-1116

Vertical Heat Exchanging Tubes

PC
Square-pitch tube arrangement
DAQ

Thermocouple
Bed Material
Heat Transfer Probe
Distributor Plate

Flowmeters

Filter bed
Compressed Air Inlet

Figure 1: Schematic diagram of gas-solid fluidized bed equipped with vertical heat exchanging tubes

2.2.2 Advanced heat transfer technique
To quantify the impact of vertical heat exchanging tubes in a gas -solid fluidized bed reactor on heat transfer, a fast
response heat transfer technique was used to measure the heat transfer coefficient locally and instantaneously.
The advanced heat transfer technique consisted of a heat transfer probe with an inner diameter of 12mm with a length
of 8cm, with a piece of solid brass, a heat flux sensor, heater, and two Teflon pieces on both sides of the brass piece to
minimize the heat losses within the edges of the probe. The heat transfer probe was fabricated by slicing the brass piece to fit
the cartridge heater inside it. Moreover, a cartridge heater ( Heatron, Inc. Leavenworth, Kans., USA) was inserted within the
space of the brass piece, then the PHFS heat Flux sensor (Flux Teq's LLC, Blacksburg, VA240606370, USA) was flash
mounted to the outer surface of a brass piece.
This heat flux sensor was used to measure and quantify the thermal energy per unit area and the surface temperature
locally and instantaneously with high sensitivity. Figure 4 and Table 2 display the heat flux sensor photo and schematic
diagram with the specifications for this type of sensitive sensor. It is important to mention that a highly stable DC power
supply has been used to supply electric power to the heating element with an accurate readout for both voltage and current
values.
Three identical thermocouples type T were used to measure the bulk temperature at different positions within a 10 cm
distance between each one above the distributor plate. Com PAQ Heat Flux and Thermocouple Data Acquisition Instrument
(FluxTeq LLC, Blacksburg, VA240606370, USA) were used to read and record the Flux Teq's PHFS heat flux sensor and
integrated temperature sensors with 8 differential channels and handle up to 4 complete PHFS sensors that are measuring
both heat flux and temperature. This data acquisition instrument was pre -programmed to accept heat flux leads in channels 1,
3, 5, and 7 and the associated T-type thermocouples in 2, 4, and 6.
Furthermore, this data handles up to 8 channels, the first two channels were used to read out the sensor's heat flux and
the surface temperature signals, and the rest were used to quantify the thermocouples signals for each sensor. The program of
this data reader provides heat flux and temperature plots for the different channels. Then the data was displayed and imported
to MATLAB program to calculate the LHTC instantaneously by the measurement of the heat flux per unit area maintained
by the heat flux sensor and the temperature difference between the surface temperature and the bulk temperature , as shown in
the following relation:

hi =

qi
(Ts−Tbav)

(1)

Where h i is the instantaneous local heat transfer coefficient (W/m2 . °C), q i is the instantaneous heat flux per unit area
(W/m2 ), Tsi is the surface temperature measured instantaneously, and Tbavg is the average bulk temperature obtained from
three thermocouples signals.
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Figure 2: A photo of a fluidized bed reactor with vertical heat exchanging tubes

Furthermore, the local heat transfer coefficient measurements were accomplished within a wide range of superficial
gas velocities at one axial height of 15 cm from the distributor plate and at four radial positions in the center of a square
tube arrangement, as shown in Figure 3.
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Figure 3: Schematic diagram and a photo of the designed square configuration with the radial
positions of the measurements for stainless steel heat transfer probe along the column with
vertical heat exchanging tubes

Figure 4: A photo and a schematic diagram for an advanced heat transfer probe
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2.2.3 The reproducibility of the measurements
To validate the reproducibility of the advanced heat transfer technique, the measurements of the LHTC were replicated
twice for two consecutive days for each superficial gas velocity. It is important to mention that each value of the LHTC was
replicated at each velocity three times to reduce the experimental errors in the measurements . Therefore, only the average
values of the heat transfer coefficient were presented in the results. As displayed in Figure 5, the replication of these
measurements indicates that there is no need to replicate the measurements again at each condition since the percentage of
relative differences for two days near the radial wall position of the square tube arrangement is 0.575 %.
Table 2: The specifications of PHFS heat flux sensor
Item

Details

Sensor Type

Differential-Temperature Thermopile

Nominal Sensitivity

Approx. 2.5mV/(W/cm2)

Sensor Thickness(t)

Approx. 305 microns

Specific Thermal Resistivity
Heat Flux Range

Approx. 0.9 K/(Kw/m2)
+/- 150 kW/m2

Temperature Range

-50 °C to 120 °C

Sensor Surface Thermocouple

Type T

Sensing Area Dimensions
Total Sensor Dimensions

a=1.27 cm
b=1.27cm
W=1.4 cm H=2.35 cm

Sensing Area (cm2)

1.6 cm2
2

Total Sensor Area (cm )

3.3 cm2

Figure 5: The reproducibility of the advanced heat transfer technique measurements at
r/R = 0.58 near the wall at different superficial gas velocities

3. Results and Discussion
The local heat transfer coefficient was experimentally measured using an advanced heat transfer technique at four
radial positions (r/R =+/- 0.58, +/- 0.03) with a wide range of superficial gas velocities (0.2-0.48) m/s. These four radial
positions were chosen based on the presence of the internals from the wall region to the central region along the diameter
of the column. The following sections represent the impact of superficial gas velocity and radial positions on the heat
transfer locally and instantaneously at one axial position of (H/D =1.923) within the column.

3.1 The Impact of Superficial Gas Velocity on Local Heat Transfer Coefficient
The impact of using various superficial gas velocities on the heat transfer coefficient at different radial positions is
illustrated in Figure 6. This figure demonstrates that the local heat transfer coefficient values near the wall improved as
the superficial gas velocities increased for all the radial and axial positions. For example, when the superficial gas
velocity increased from 0.2 m/s to 0.4 m/s, the local heat transfer coefficient was increased by 9.27%. On the other hand,
different behavior was obtained near the center region . The local heat transfer coefficient still increases with the
superficial gas velocity. Still, to a certain point from 0.2 m/s to 0.28 m/s, then it stabilize [34–36]. The difference between
these two regions in the local heat transfer coefficient can be explained by the movement and the distribution of the
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particles within the bed and the resistance of the particles in the presence of the vertical heat exchanging tubes with a
square-pitch tube arrangement inside the reactor. As can be noticed from Figure 6b, in the center region (0.03), the local
heat transfer coefficient increased suddenly with the superficial gas velocity from 0.2 m/s to 0.24 m/s by 37.4%, whereas,
in Fig6d, the local heat transfer coefficient increased near the center region (-0.03) from 0.2 m/s to 0.28 by 54.2%, then it
stabilized. This could eventually cause by the particle velocity increases in the case of vertical heat exchanging tubes with
the superficial gas velocity within the column [34,36,37]. It was found that the local heat transfer coefficients were
improved in the case of the vertical immersed tubes near the wall region (+/ - 0.58) at higher superficial gas velocities and
more uniformity than those near the center region.
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Figure 6: The effect of superficial gas velocity on the local heat transfer coefficient at different radial
positions at H/D of 1.15 a) r/R = 0.58, b) r/R = 0.03, c) r/R = -0.58, d) r/R = -0.03

3.2 The Influence of Radial Positions on The Local Heat Transfer Coefficient
As presented in Figure 7, the local heat transfer coefficient increased near the wall region while decreasing in the
core of the column with a wide range of superficial gas velocities. For example, the local heat transfer coefficient
improved with the increase of superficial gas velocity depending on the radial profiles (r/R). As superficial gas velocity
rose, maximum heat transfer coefficients were obtained at each radial position. Thus heat transfer coefficients with radial
profiles were almost uniform [20, 37–39].
The heat transfer coefficients in the wall region were significantly higher than those in the center region by 28.9% as
the superficial gas velocity increased. The differences remain minimal at low superficial gas velocities, but the variations
become significant at high superficial gas velocities . This refers to the fact that bubbles with small diameters are
uniformly distributed over the entire column area at low superficial gas velocities. Conversely, large bubbles establish as
the superficial gas velocity rise, and many rises through the wall region of the column. Since the more free area to flow is
provided by this arrangement near the wall region as compared with the center region [20,43,44].
Another important piece of evidence in enhancing the heat transfer is th e flow behavior within the column, which can
explain the variation of trends between the two regions during the turbulent fluidization regime. The center region along
the column diameter suddenly changes from a flow behavior influenced by large , fast-moving particles. In contrast, the
region along the walls tends to change from a dense layer of downward -moving gas and particle combination. As the
velocity increases, both regions gradually transform into a structure dominated by rapidly moving particles susp ended in a
flow of aggressively mixing turbulent particles throughout the column [36,38,45–47].
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Figure 7: Heat transfer coefficient at different radial positions at H/D of 1.15: a) u=0.2m/s, b) u =
0.24m/s, c) u = 0.28m/s, d) u = 0.32m/s, e) u = 0.36m/s, f) u = 0.4m/s, g) u = 0.48m/s
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3.3 Comparison of Heat Transfer Coefficient with Literature
The obtained results from this study for the heat transfer coefficient were compared with the previous studies of and
Yasser [27] in gas-solid fluidized bed reactors without heat exchanging tubes and with the work of Al-Dahhan in the
case of vertical heat exchanging tubes with circular tube arrangement for Glass Beads particles [48]. The comparison for
heat transfer coefficient was carried out at a radial position near the center region (0.03) with a wide range of superficial
gas velocities (0.2-0.3) m/s.
As shown in Figure 8, higher local heat transfer coefficient values were obtained in the experimental results for
vertical heat exchanging tubes with square-pitch tube arrangement. The behavior of the local heat transfer coefficient
increased with the superficial gas velocity to a certain point and then decreased until it stabilized. While, for the case
without heat exchange tubes, the obtained experimental results for local heat transfer coefficient increase uniformly when
the superficial gas velocity increases. Accordingly, the square tube arrangement offers a higher local heat transfer
coefficient value than the circular tube arrangement. This will improve the heat transfer efficiency and the reactor
performance in such types of multiphase reactors [39–42].

Figure 8: A comparison of the heat transfer coefficient with literature at different superficial gas
velocities

4. Conclusion
Based on the extensive research results obtained in this experimental study, several remarks can be made:
1)
A new experimental data acquisition instrument has been implemented to quantify the impact of vertical heat
exchanging tubes on heat transfer by measuring the local heat transfer coefficient instantaneously with the heat
transfer probe technique.
2)
Experimental results have shown that the local heat transfer coefficient increased rapidly from the core region to
the wall region regarding the particle distribution and the distance between the tubes with a wide range of
superficial gas velocities.
3)
Generally, the local heat transfer coefficient increases the superficial gas velocity for all radial and axial positions.
4)
The presented results also investigated that the local heat transfer coefficient in a fluidized bed reactor equipped
with a bundle of vertical tubes increases substantially as the superficial gas velocity increases at the wall region .
In contrast, a different behavior was realized at the reactor's core.
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