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Abstract

This study involves designing and constructing a
simulated Fitcher-Tropich bubble column reactor
(FTBCR) that features real vertical U-shaped heat-
exchanging tubes. This work investigates the
influence of incorporating a real heat exchanger into
a bubble and slurry bubble column (BC and SBC).
The investigations were conducted in a (0.15 m)
inner diameter Plexiglas (BCR) with varying gas
flow rates ranging from (0.14m/s to 0.35m/s). To
replicate the industrial (FTBCR), a real heat
exchanger was vertically installed, occupying 25%
of the column cross-section, and comprised 18
copper tubes, each with a diameter of (0.016 m).
Glass beads represented the solid phase with an
average size of 150 um, which were loaded to a
maximum volume of 40%. Furthermore, this
investigation employed an advanced heat transfer
technique to quantify the impact of the cooling tubes
and solid particles on the local instantaneous heat
transfer coefficient (LIHTC) to improve the
guantification and understanding of the heat
transport in this reactor. The investigations were
conducted at three axial locations (H/D = 2, 3, and 4)
and six radial sites along the column's diameter
(x0.18, £0.46, and £ 0.74). The results indicated that
the (LIHTC) exhibited a substantial decrease as the
gas flow rates increased at all radial and axial
positions. Moreover, the (LIHTC) in the central zone
increased by approximately 82% in comparison to
the near the wall in the two and three phases. The
model's validation was assessed by comparing the
predicted and experimental values of (LIHTC) using
Minitab software and response surface methodology
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(RSM). The results were consistent with the for (LIHTC) in both the two and three phases (BCR)
experimental results. The regression model achieved was (R?) (95.90) and (97.49), respectively.
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1. Introduction

The significant growth of the global economy, as well as the rise in the international oil price and the growing
world population, have significantly increased the world's energy and environmental concerns [1][2]. In addition
to the depletion of limited resources due to population growth and rising living standards, there is also a need for
energy and depleted natural resources [3][4]. Increased interest has been seen in developing highly efficient gas-
to-liquid (GTL) processes due to the decrease in light crude reserves and the rising demand for diesel and jet fuel
[51[6]1[7]- Slurry bubble column reactors (SBCRs) offer several advantages for (GTL) processes, including the
potential for very high heat transfer levels, which allows for high heat transfer coefficients (HTC) even with high
solids loading suspended in the liquid [8][9]. (SBCRs) also help to prevent temperature excursions in highly
exothermic reactions and provide better control of temperature within the reactor [10][11]. Additionally, a heat
exchanger inside the reactor allows for clean water production by enabling near-adiabatic operation [12][13][14].
While heat generated by the syngas is transferred to the surrounding environment, leading to a depletion of heat,
concerns remain for highly exothermic reactions, such as the Fischer-Tropich (FT) reaction, which can lead to the
combustion of syngas and elevated temperatures inside the reactor [15][16]. It is important to explore alternative
ways to improve the efficiency and sustainability of (HTC). Numerous researchers have used heat exchanger tubes
with single-phase liquid flow, fixed or floating catalyst systems [17], and reacting solid particles [18][19], among
other methods. Articles provided detailed information on flow regime maps single or two-phase flow [20], boiling
mechanisms, heat transfer coefficients [21], viscosity and solute concentration effects [22], column and geometry
types, and tube orientations [23].

Our survey shows no prior research has been conducted to optimize design and process variables for (LHTC) using
(RSM). Therefore, the present work aims to determine and optimize the (HTC) and identify the process variables
that affect efficiency and physical properties, considering stability, safety, and substance ability. Furthermore,
identify the heat transfer parameters, the process variables governing the heat transfer, and the effect of changing
these parameters, and provide a guide design engineers can use to achieve the best design and operational
conditions. Also, to effectively disperse solid particles and gases in a liquid within the compressed gas injection
under pressure for two different types of reactors (BC and SBC). By conducting these analyses, suitable controls
for achieving more uniform conditions of particles, gases, and liquids within the reactor are identified. As a result,
the reactor's performance in terms of heat transfer should enable more accurate calculations.

2. Experimental setup

As seen in Figure 1. (FT-BCR) experimental setup was created and built using an actual heat exchanger to
accurately assess the impact of tube arrangement and real U-shaped heat exchanger tubes on the local and overall
heat transfer coefficient. The (BC) has a diameter of 0.15 m and a height of 1.83 m. In this study, glass beads
measuring 150 pum in size and having a density of 2500 kg/m? were employed to simulate the fine catalyst used in
an industrial FT reactor. The loading of these glass beads was up to 40% by volume. A thermal tank with a
controller was fitted to imitate the performance of U-shaped heat exchanger tubes used in industrial settings. This
system circulated heated liquid (50°C) through the tubes, with hot water being pumped into the tubes and returned
to the heater in a recycling manner. The (BC) was supplied with cold liquid (10°C), which was also recycled, via
a pump from a chiller tank that was furnished with a controller to regulate the water temperature.

The compressed air is introduced into the column by a gas distributor made of porous polyethylene. The gas
distributor has a thickness of (12.7 mm) with a pore size of (50 pm), and contains (137) holes. This gas distributor
ensures that the air is distributed evenly and supports the solid particles' weight. The distributor plate was
positioned (10 cm) above the bottom end of the vertical tubes. The compressed air is directed via a calibrated
polycarbonate panel flowmeter to achieve the necessary flow rates for industrial purposes, including bubbling,
slugging, and churning turbulent flow regimes. Data has been collected experimentally to assess the effect of tube
configuration on the (LIHTC) within a range of superficial gas velocity (Ug) values (0.14 - 0.35 m/s).
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Figure 1: Schematic layout of the bubble column including vertical industrial U-shaped heat exchanger tubes.

The heat-exchanging tubes installed within the (BC) covered 25% of its cross-sectional area. These tubes were
designed to simulate the specifics of an industrial reactor, as shown in Fig.2. They were made of eighteen copper
tubes, each measuring 1.90 m in height and 0.016 m in diameter. A square-pitch configuration was designed to
arrange the tube bundles within the (BC) following specific layout standards.

Figure 2: Photo of the U-shaped heat exchanger.

2.1 A sophisticated technique of heat transfer
Advancements in technology have enabled the utilization of attachable heat flux sensors to accurately measure
and monitor the surface temperature of tubes, heat flux, and subsequently, the (LIHTC) with great sensitivity in
real-time. These technological improvements have also facilitated the creation of a rapid-response heat transfer
method to calculate (LIHTC) in the (SBC) that is equipped with tube bundles.

The (FluxTeq LLC) sensor, manufactured in Blacksburg, USA (VA24060-6370), is highly skilled at accurately
monitoring both surface temperature and heat flux rate. For this study, a total of eighteen sensors were strategically
affixed to the U-shaped heat exchanger tubes along their height and diameter at various points using thermal
adhesive glue. This configuration consisted of three sensors that were coupled in both an axial and radial manner
within each tube.

76



Iragi Journal of Oil & Gas Research, Vol. 04, No. 2 (2024)

The bulk temperature was measured at various points within a (10 cm) distance of each of the four type T
thermocouples placed above the distributor plate. The (PHFS) heat flux and integrated temperature sensors were
read and recorded using the (PAQ) Heat Flux and Thermocouple Data Acquisition Instrument (FluxTeq LLC,
Blacksburg, VA240606370, USA).

The device is equipped with eight variation channels and can manage up to four complete (PHFS) sensors., each
of which measures both heat flux and surface temperature. Channels 1, 3, and 7 of these data-collecting devices
were designed to receive heat flux leads, whereas channels 2, 4, and 6 were designated to receive the corresponding
T-type thermocouples.

This data reader's software generates temperature and heat flux charts for each channel. Displaying and
importing the data into the MATLAB program allowed us to instantly calculate the (LHTC) by measuring the heat
flux per unit area, the temperature difference between the surface and bulk temperatures, and other factors, as
shown in Eq. (1) [13]:

hi(t):& (l)

Where hig= instantons local heat transfer coefficient “W/m?. °C”

qi(+) = instantons heat Flux per unit area “W/m?’
Ts(¢) = surface temperature °C

T, = bulk temperature °C

To confirm the replicability of the advanced heat transfer technology, the measurements of the (LHTC) were
duplicated twice, with a seven-day interval, for each gas velocity. It is crucial to note that every value of the
(LHTC) was reproduced three times to minimize the errors of experimental in the data. Thus, the results only
included the mean values of the (HTC).

Furthermore, all measurements in this work are read and recorded in the absence of glass beads by means two-
phase system (air-water) system and in the presence of glass beads or a three-phase system (air-water-glass beads),
to investigate the impact of solid particles and superficial gas velocities with U-shaped heat-exchanging tubes on
(LIHTC) at several radial sites along the column's diameter (r/R = +0.18, +0.46, and + 0.74) and three axial
locations (H/D = 2, 3 and 4)

2.2 Optimization and Modelling of Processes
The systems' efficacy and the yield of the processes must be enhanced without an increase in cost. Optimization
is employed for this objective carried out by using Response Surface Methodology (RSM)[24]. (RSM) is a set of
statistical and mathematical techniques that are valuable for the development, improvement, and optimization of
processes [25][26]. These processes involve a response of interest that is influenced by multiple variables, and the
objective is to optimize this response. It is a statistical procedure employed to establish several experiments in
various physical and chemical processes.

The experiments were conducted using the software) MINITAB 19). The current research investigated the
optimization of several different parameters., (radial position; axial positions, and superficial gas velocity) to
predict the maximum heat transfer coefficient in two and three-phase systems. Furthermore, the interaction effect
of parameters has been investigated. Design of experiment (DOE) is a statistical model that is used. It is an
optimized design for fitting quadratic models with equal predictability in all directions from the center. The
maximum and minimum levels of the experimental design are given in Table (1). The experimental designs are
presented in Table (2) for the two-phase system and Table (3) for the three-phase system. Response surface
methodology (RSM) designed by Box-Behnken (BB) was used, which consists of 3 independent variables
containing 20 experiments.
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Table 1: Minimum and maximum values of parameters.

Parameters Code Low level High level
Radial position r'R 0.18 0.74
Axial position H/D 2 4
Superficial gas velocities Ug 0.14 0.35
Table 2: Design of experiment of two-phase system.

riR H/D Uqg h

0.74 2 0.14 5083

0.74 2 0.21 4093

0.74 2 0.28 3290

0.74 2 0.35 2049

0.74 3 0.14 6407

0.74 3 0.21 4393

0.74 3 0.28 3759

0.74 3 0.35 2507

0.74 4 0.14 885.45

0.74 4 0.21 2729.05

0.74 4 0.28 1944.45

0.74 4 0.35 2023.32

0.46 3 0.14 3767

0.46 3 0.21 3197

0.46 3 0.28 2711

0.46 3 0.35 1763

0.18 3 0.14 876.08

0.18 3 0.21 2707

0.18 3 0.28 1970

0.18 3 0.35 1990
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Table 3: Design of experiment of three-phase system.

/R H/D Uy h

0.74 2 0.14 4109.07
0.74 2 0.21 3085.79
0.74 2 0.28 2216.40
0.74 2 0.35 1051.02
0.74 3 0.14 3718.56
0.74 3 0.21 2709.0
0.74 3 0.28 2225.41
0.74 3 0.35 1195.72
0.74 4 0.14 585.19
0.74 4 0.21 1706.68
0.74 4 0.28 1031.17
0.74 4 0.35 1004.92
0.46 3 0.14 2675.50
0.46 3 0.21 2102.55
0.46 3 0.28 1720.99
0.46 3 0.35 782.548
0.18 3 0.14 639.98
0.18 3 0.21 1904.29
0.18 3 0.28 1596.81
0.18 3 0.35 466.53
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3. Results and Discussions

3.1 The effect of (Ug) on the average (LHTC) at radial sites in the two-phase system
As shown in Figure (3) the maximum average (LHTC) values by moving towards the center region at each (Uy).

7000
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5000 = Radial (r/R)=0.18

4000

Radial (r/R)=0.46
3000
2000 — Radial (r/R)=0.74

1000

Local heat transfer coefficient (W/MZ2.°C)

0
0 0.1 0.2 0.3 0.4

Superficial gas velocity (m/s)

Figure 3: Effect of the superficial gas velocity on the average (LIHTC) at different radial sites in the two-phase
system.

For example, the average (LHTC) at (Ug= 0.14, 0.21, 0.28, and 0.35 m/s) in the center region (r/R = 0.74) was
higher than at sites (/R = 0.18 and r/R = 0.46) by (86% and 41%), (38% and 27%), (47% and 27%) and (20% and
29%). This is because dense heat exchange internals in the center influence the distribution of bubble sizes,
increase the velocity of the liquid, decrease liquid back mixing, and significantly improve the rate at which the
bubbles split up. Additionally, in deep churn-turbulent at high superficial gas velocity, the bubble's coalescence
and breakup rates come to a balance and hence bubble size and bubble rise velocity reach close to a
plateau[16][27].

3.2 The effect of (Ug) on the average (LHTC) at axial sites in the two-phase system

Figure (4) illustrates the average of (LHTC) at (Ug= 0.14, 0.21, 0.28, and 0.35 m/s) in the center region (H/D = 3)
was higher than at sites (H/D = 2 and H/D = 4) by (86% and 20%), (35% and 6%), (47% and12%) and (16% and
18%). This is because the coalescence and disintegration rates of the bubbles in deep churn-turbulent at high
superficial gas velocities reach a balance, resulting in bubble size and bubble rise velocity approaching a plateau
[28]. Additionally, the dynamics and properties of the bubbles may be influenced by the internals. Concurrently,
the distribution of the heat transfer was heterogeneous near the wall region as a result of the progressively dense
bubble at the wall [29].
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Figure 4: Effect of the superficial gas velocity on the average (LIHTC) at different axial sites in the two-phase
system.

3.3 The effect of (Ug) on the average (LHTC) at radial sites in the three-phase system
Figure (5) demonstrates that the average (LHTC) decreased as superficial gas velocity increased and the maximum
average (LHTC) values by moving towards the center region at each (Uy).
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Figure 5: Effect of superficial gas velocity on the average (LIHTC) at different radial sites in the three-phase
system.

Furthermore, the average (LHTC) at (Ug= 0.14, 0.21, 0.28, and 0.35 m/s) in the center region (r/R= 0.74) was
higher than at sites (r/R=0.18 and r/R= 0.46) by (82% and 28%), (29% and 22%), (28% and 22%) and (60% and
34%). As a result of numerous factors related to the hydrodynamics and flow patterns within the column.
Furthermore, the central region is frequently subjected to more intense turbulence and mingling than the region
close to the walls.

Turbulence enhances the mingling of the liquid and solid phases, thereby improving convective heat transfer [30].
The convective (HTC) decreased as the level of turbulence decreased near the wall. Also, a decreased (LHTC) is
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the consequence of the observed pattern, which is caused by the complex interactions between solid; gas; and
liquid particles within the column [31].

3.4 The effect of (Ug) on the average (LHTC) at axial sites in the three-phase system
Figure (6) shows that the average (LHTC) exhibited varied behavior. Specifically, at the first site (H/D = 2), the
average (LHTC) was greater at (Ug = 0.14 and 0.21 m/s) compared to sites (H/D = 3 and 4) with differences of
9% and 85%, and 12% and 44% respectively.

4500
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1500

1000
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Local heat transfer coefficient (W/M?2.°C)

Figure 6: Effect of superficial gas velocity on the average (LIHTC) at different axial sites in the three-phase
system.

Subsequently, the average (LHTC) values were almost equal at (H/D = 2 and 3), with (Ug = 0.28 and 0.35 m/s).
This is due to the possibility of solid particles displaying an uneven distribution along the radial axis. Near the
walls, the concentration of solid particles may be reduced due to a decrease in mixing and turbulence. Generally,
solid particles often enhance heat transfer since they have better thermal conductivity [32].

Furthermore, a non-homogeneous response was detected at position (H/D = 4) as a result of foam production.
There has been an increase in the churn flow, which has led to the production of foam and the mixing of liquid
with the gas phase [33]. Moreover, the movement and scattering of the particles within the bed, together with the
opposition displayed by the particles when the vertical heat exchanger tubes are present in the reactor [34].
Moreover, the collective impact of bubble dynamics, turbulence, flow regimes, and internal design.

3.5 Statistical Modeling and Optimization
Response surface methodology (RSM) plays a crucial role in the design, development, and formulation of new
products and in enhancing the design of existing products. It determines the impact of the independent variables,
either individually or in combination, on the processes [26].

3.6 Regression Model
The modeling findings have been adjusted to match the second-order polynomial equation

according to Box-Behnken (BB) model equation 4-4.
Y = Bo+ Yy BX; + X, BuX? + X7, Yioih1 BijXiX; e (2)

In this equation, Y is the response,
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Bo is a constant,

Pi is a linear coefficient,

Bii is the quadratic coefficient,

Bij is the interaction coefficient,

Xi and Xj are independent variables.

The model's accuracy has been assessed using the regression coefficient (R?).

Regression model equations for (LIHTC) are expressed in equations (3 and 4), which show the relation between
parameters and response.

h = —3828 + 166 (=) + 6326 (5 ) — 164220, + 6628 (g)2 ~ 1268 (%)2 +8903(U,)" — 12629 (£) U, +
2657 (%) U, o (3)

h = 4086 — 222 (%) +872 () — 16113 U, + 2636 (g)2 ~ 387 (%)2 — 5054(U,)" — 4462 (%) U, +
3702 (3) U, e (4)

Contour plots represent these equations. The response of the (LIHTC) can be shown as a three-dimensional contour
plot, as depicted in Figures (7 and 8) for two and three phases respectively. The (LIHTC) is plotted against the
three parameters to identify the optimum parameters.

Contour Plot of h vs H/D, r/R

h
] < 1000
[ woo - 1500
B 1500 - 2000
B zoo0 — 2500
= 2500

Hold Values
Ug 0245

(A)
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Contour Plot of h vs Ug, r/R
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Figure 7: Effect of three independent variables on (LIHTC) in the two-phase system

A- Effect of (H/D) and (r/R); B- Effect of (Ug) and (r/R); C- Effect of (Ug) and (H/D)

Figure (7) illustrates the highest average values of (LHTC) as it moves towards the center region both axially and
radially for each (Ug), which can be ascribed to the influence of internal factors on the dynamics and characteristics
of the bubble. At the same time, near the wall region, the heat transfer distribution was heterogeneous due to an
increasingly dense bubble at the wall.

In addition, in very turbulent conditions with deep churn, the rates of bubble coalescence and breakup achieve an
equilibrium, resulting in a stable bubble size and rise velocity [29].
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Contour Plot of h vs H/D, r/R
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Figure 8: Effect of three independent variables on (LIHTC) in the three-phase system

A- Effect of (H/D) and (r/R); B- Effect of (Ug) and (r/R); C- Effect of (Ugy) and (H/D)
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Figure (8) demonstrates the average (LHTC) decreased as superficial gas velocity increased and the maximum
average (LHTC) values by moving towards the center region at radial sites at each (Ug). Non-uniform behavior
continues at all radial and axial sites for every (Ug), due to the solid particles that may have an uneven distribution
along the radial and axial directions. The concentration of solid particles may be reduced due to a decrease in
mixing and turbulence [32].

3.7 Validation of the Model
To assess the validity of the model, the predicted values were compared to the experimental values. The regression
results of (LIHTC) models in two and three-phase systems indicated that the models can fit the experimental data
as shown in Figures (9 and 10).

Furthermore, the (R?) high values were (R?) are (95.90) and (97.49) for two and three phases (BC) respectively,
demonstrate the model's significant protentional for heat transfer coefficient prediction and optimization.

predicted

T T
4000 S000

Experimental

predicted

2000 2500 2000

Experimental

Figure 10: Scatterplot of heat transfer coefficient experimental value against predicted in the three-phase system.
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3.8 Response Optimization

The response optimization identifies the optimum parameters for maximum (LIHTC) as shown in Figures (11 and
12) for two and three-phase systems (BCR) respectively. The results showed that the maximum heat transfer

coefficient was (5883.52 w/m?) in two phases (BC) at (0.74, 2, and 0.14 m/s) for the radial position (r/R), axial
position (H/D), and Uq respectively.

Furthermore, in three-phase (SBC), the maximum heat transfer coefficient was (4111.97 w/m? at (0.74, 2, and
0.14 m/s) for the radial position (r/R), axial position (H/D), and (Ug) respectively.

Optimal oR HD

Ug
i High 0.740 a0 0.350
D-08833 0 [0.740] [2.6465] [0.140]
Law 0180 20 0140

h

Blasinnunn
y = 5383.5235
d = 0.:89332
Figure 11: response optimization in the two-phase system.
Optimal /R H/D Ug
. High 0.740 a0 0.350
D-08041 [0.740] 0] 0140]
Lawr 0130 20 0140
h
Maximnum
y = 4111.9739
d = 080412

Figure 12: response optimization in the three-phase system.
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4. Conclusions

A novel investigation was conducted in a simulated (FT-BCR/SBCR) to measure and optimize the (LIHTC) and
identify the process variables by using the (RSM) model. Advanced heat transfer techniques were employed to
obtain accurate results. The investigation focused on the impact of a genuine U-shaped heat-exchanging tube
arrangement with a square pitch and the presence of solid particles at various superficial gas velocities. The results
of the RSM can be used to improve heat transfer systems (heat transfer mechanisms and equipment) used in full-
scale Fischer-Tropsch (FT) reactors, which are employed in industrial-scale settings, including heat exchanger
tubes. On a massive industrial scale, these systems regulate and control the heat that is produced or absorbed
during chemical reactions. Optimizing the design and operation of heat exchangers in Fischer-Tropsch reactors is
crucial for FT synthesis because it ensures efficient heat removal or distribution, prevents hotspots, maintains
reaction temperature, and supports overall reactor efficiency and stability. The comprehensive research findings
from this experimental investigation can be summarized in subsections as follows:

1. The (LIHTC) was observed to decrease substantially as gas flow rates increased in all radial and axial
positions.

2. The (LIHTC) decreased with increasing the gas flow rates near the wall region (+0.18). On the other hand,
they have still rose with the gas flowrates at central region along the diameter of the column due to greater
turbulence and mixing in comparison to the region near the walls, which improves convective heat transfer
by enhancing the mixing of the liquid and solid phases.

3. Heat exchanger tubes can disrupt flow patterns, which can lead to stagnant flow or reduced velocity in areas
near the walls (+0.18). As a consequence of the prevalence of these stagnant zones, the (LIHTC) has
decreased due to a reduction in convective heat transfer.

4. The presence of solid particles may be reduced near the walls due to reduced mixing and turbulence.
Consequently, the (LIHTC) decreases as the concentration of these particles near the walls decreases.

5. Non-uniform behavior of flow and reduce (LIHTC) can be observed at position (H/D= 4), due to the
formation of foam.
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