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ABSTRACT: Bubble column reactors fitted with tube bundles (BCR TB) belong to common heat transfer equipment in
the field of chemical engineering, yet the complicated thermal-hydraulics performance of BCR TB has not been deeply
revealed. To fill this gap, the present study proposes a novel variable bubble size modeling approach based on the Euler-
Euler two-fluid framework, which is coupled with the population balance model considering comprehensive interphase
forces. On the basis of verifying numerical reliability using experimental data, the mechanism of bubble swarm flow
around the tube bundle and the effects of gas sparger configurations on the thermal-hydraulics performance of BCR
TB are investigated. Results indicate that the entire tube bundle can be divided into three distinct zones, namely the
sparger effect zone, fully developed zone and interface effect zone in view of the local mixture-to-wall heat transfer
coeficient. The maximum peak value of the mixture-to-wall heat transfer coeflicient always appears at 210° of heat
exchange tubes. When the orifice diameter is 4 mm, the axial gradient of gas holdup is relatively large due to more
intense shearing and fragmentation effects. Interestingly, the fractions of medium-sized and large-sized bubbles are
not sensitive to orifice angle. Both the mixture-to-wall heat transfer coefficient and the friction factor decrease initially
and then increase when the installation height increases. Under the optimized gas sparger structure configuration, the
mixture-to-wall heat transfer coefficient increases by 10.23%, accompanied by the reduction of pressure drop by 8.14%,
ultimately attaining a system energy conversion efficiency of 97.88% and performance evaluation criterion of 1.087.
Finally, a new dimensionless and semi-theoretical Nusselt correlation incorporating a structural correction factor with
an average absolute deviation of 5.15% is developed. The findings can offer useful guidance for the optimal design of
BCR TB.
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1 Introduction

Bubble column reactors (BCRs) are widely utilized in various industrial settings and feature a cylindrical
column with a gas sparger located at its bottom [1,2]. Under normal conditions, BCRs offer numerous
advantages, such as low operating costs, high liquid holdup, and excellent mixing characteristics [3-5].
The above-mentioned reactors can be broadly classified into those with internal components and those
without. However, the majority of existing studies have focused on BCRs without internals, primarily air-
water systems [6-9]. Our previous findings indicate that adding internals (such as a tube bundle) to BCR
can significantly improve thermal efficiency and reduce flow dead zones [10]. It is asserted that the BCR
with tube bundle (BCR TB) facilitates heat and mass transfer through the bubble swarm flow around tubes.
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Moreover, the thermal-hydraulics performance of BCR TB is very complex since it is always operated under
a heterogeneous regime, which is characterized by multiscale bubble swarm size distribution (BSD) and
intense turbulence. Furthermore, the thermal efficiency of BCR TB is also very sensitive to gas sparger
configurations. However, the quantitative analysis concerning these factors has not been fully conducted thus
far, particularly involving orifice diameter (D), orifice angle (0) and installation height (H, vertical distance
between branch tube and the first row of tube bundle). Therefore, systematic investigations into multiscale
bubble swarm flow around a tube bundle and the thermal-hydraulics behavior under different gas sparger
configurations are essential for optimizing BCR TB performance.

Previously, a large number of studies about the thermal-hydraulics performance of BCR without
internals have been conducted thanks to advanced numerical and experimental methods [11-14]. Li et al. [15]
developed an improved population balance model (PBM) to thoroughly consider the hydrodynamic behav-
ior of pilot-scale slurry BCR. The influences of gas sparger parameters on system properties were analyzed.
It turned out that an increase in orifice and ring diameters could be beneficial to increasing gas holdup
(&) and enhancing bubble swarm breakage effects. The Euler-Euler two-fluid approach was proposed by
Varallo et al. [16] to investigate the hydrodynamic performance of BCR under the heterogeneous regime.
The obtained outcomes indicated that introducing lift force was helpful in predicting the radial distribution
of &, particularly the complete model significantly improved BSD prediction accuracy. Yang et al. [17]
adopted PBM to study the resistance correction of a rising bubble swarm inside a BCR. It was concluded
that there existed wake acceleration effects for the bubble swarm. In addition, this coupled model could
well predict the complicated mass transfer behavior of high-viscosity liquids. Draw and Rzehak [18] studied
the hydrodynamic performances of gas-liquid two-phase flow inside a BCR. The following conclusions
were drawn under the condition of low &, the gas phase pressure gradient played a leading part in the
relative velocity. At high ¢, the bubble swarm coalescence effect needed to be considered. It was also
found that the lift force exerted a significant influence on the distribution of ¢,. Khan et al. [19] conducted
a comparative analysis of different drag models for the prediction of gas-liquid two-phase flow inside
a BCR. It was discovered that for smaller bubble swarm sizes, the Ishii and Zuber model could exhibit
comparable prediction accuracy to the Tomiyama model. Zhang et al. [20] explored the universality of PBM
for the prediction of BCR performance. Under different operating parameters, the &,, BSD, interfacial area
and volumetric mass transfer coefficient showed good consistency with experimental data. These results
demonstrated that the numerical methodology could effectively describe the breakage and coalescence
effects of a rising bubble swarm. An et al. [21] carried out an investigation into the effects of mild agitation on
the bubble swarm inside a slurry BCR. Under the heterogeneous regime, the bubble swarm size diminished
initially and then augmented. Bae et al. [22] investigated the effect of micro-bubble formation and dual gas
on the mixture-to-wall heat transfer coeflicient (h) of pressurized BCR. The study concluded that / decreased
with increasing micro-bubble concentration and further decreased with reduced opening ratios under the
pressurized conditions.

For BCRs with internals, Guan et al. [23] studied the effect of helical finned tube internals on the
gas-liquid flow inside a laboratory-scale BCR. It was observed that compared with bare tube internals,
the BSD was more uniform when helical finned tube internals were installed. Decreasing the liquid phase
velocity could effectively reduce back-mixing and enhance mixing efficiency through small-scale vortices.
Abdel-Gawad et al. [24] experimentally investigated the heat and mass transfer performance of BCR fitted
with horizontal helical tubes under the bubbling flow regime. Results indicated that the helical tubes were
beneficial for alleviating the axial dispersion problem and raising the system production rate. Cércoles
et al. [25] conducted an investigation on the thermal-hydraulics behavior of a bubbling fluidized bed fitted
with a tube bundle. Results demonstrated that for different tube bundle configurations, 4 was the lowest in
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the top zone of tubes. It also indicated that & of the staggered layout was higher. Shen et al. [26] performed
a study on the heat transfer process of liquid metal flowing around a helical tube bundle. Both the friction
factor (f) and Nusselt number (Nu) increased when the helical angle was augmented. A smaller tube pitch
could effectively improve the heat transfer capacity of liquid metal. Ji et al. [27] discussed the effects of baftle
structures on the heat transfer properties of heat exchangers fitted with an elastic tube bundle. It showed that
increasing baftle height could suppress vibration and fluid pressure drop (AP). Meanwhile, an increase in the
baftle curvature might impair the thermal efficiency. An et al. [28] conducted a numerical simulation about
the distribution of solid particles inside a slurry BCR by utilizing PBM. Results displayed that the PBM could
be used to enhance the prediction precision of BSD in a solid-free system to a certain extent. PBM coupled
with an attenuation factor accurately predicted & and critical AP variations. Fard et al. [29] investigated the
large-scale vortical flow phenomenon induced by a bubble swarm inside a BCR. It was discovered that the
large eddy numerical model could well reproduce the experimental phenomena in the core regions.

To sum up, although extensive research concerning the hydrodynamic and thermodynamic behavior
of BCR has been conducted, most studies only considered drag force and lift force, while the lubrication
force and turbulent diffusion force are always ignored. This treatment results in significant deviations in
predicting the underlying mechanism of multiscale bubble swarm flow around a tube bundle, especially the
influences of gas sparger configurations on the thermal-hydraulics performance of BCR TB require further
investigation. To fill these gaps, in the present work, a novel variable bubble size modeling (VBSM) approach
based on the Euler-Euler two-fluid model coupled with PBM is developed (see Fig. 1), which considers the
comprehensive interphase force interactions of the bubble swarm. In view of this methodology, three typical
heat transfer zones of BCR TB are identified as the first step. Distributions of local h, vertical velocities of
gas phase (v,¢) and bubble swarm streamlines are also investigated. Then the variation trends of thermal-
hydraulics parameters (g;, BSD, h and f) under different gas sparger structural parameters are clarified. The
energy conversion efficiency (#) and performance evaluation criterion (PEC) are quantified for the optimized
parameters. Finally, a new dimensionless and semi-theoretical Nusselt correlation incorporating a structural
correction factor is proposed for BCR TB. This work provides a robust framework for studying multiscale
bubble swarm flow around a tube bundle and offers critical insights for the optimal design of BCR TB systems.
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Figure 1: Schematic diagram of developed variable bubbles size modeling approach
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2 Numerical Computations
2.1 Problem Description

Fig. 2 illustrates the entire computational domain of the present BCR TB. The high-temperature gas
phase is ejected through a gas sparger into BCR TB containing liquid phase at room temperature. Gas phase
heats liquid phase in the form of a bubble swarm and simultaneously exchanges heat with the tube bundle
walls. Due to the obstruction of the tube bundle, the fragmentation and coalescence phenomena occur
frequently, which bring about complicated heat transfer mechanisms of multiscale bubble swarm flow around
tube bundle. As depicted in Fig. 2a, the overall physical structure mainly consists of three configurations,
namely gas sparger, tube bundle and column. Along the flow direction (from bottom to top) of the multiscale
bubble swarm, the tube bundle zone comprises 16 rows and 3 columns of heat exchanging tubes. For the
sake of convenience, the tube bundle is clearly numbered from 1 to 8. Three representative cross-sectional
planes are selected for subsequent analysis. In addition, the label of each tube is defined as “Tube row-
column” Fig. 2b displays that the gas sparger mainly consists of 3 branch tubes, each of which contains 3
uniformly distributed orifice rows. Notably, air and water are respectively specified as the incompressible
gas phase and liquid phase. It is assumed that the thermal properties of gas phase change minimally due to
moderate hydrostatic pressure variations along the height of column. The thermal properties of liquid phase
are evaluated at the atmospheric pressure.

Pressure-outlet

L]
G

®¢

(b} View on A

Figure 2: Schematic diagram of computational domain. (a) Entire physical structure. (b) Composition of gas sparger

Reasonable boundary conditions are the foundation for obtaining proper numerical results. In the
present paper, the velocity-inlet boundary condition is assigned at the orifices, where the inlet volume
fraction of the gas phase is set to 1. The turbulence intensity level is set to 5%. It shall be noted that while
finer discretization of multiscale bubble swarm diameter improves BSD accuracy;, it significantly increases
computational costs. Therefore, the multiscale bubble swarm is divided into 12 diameter groups ranging
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from 1.19 to 15.12 mm, with the initial diameter assigned to Bin 7 (see Table 1). A pressure-outlet boundary
condition is set for the top face of the column. The atmospheric pressure and the complete backflow condition
of gas phase are fixed. No-slip and constant temperature boundary conditions are applied to tube bundle
walls. Symmetry boundary conditions are applied to the front, back, left, and right faces of the column. The
specific configuration and simulation parameters of BCR TB are summarized in Table 2. Additionally, seven
gas sparger configurations are selected to investigate different thermal-hydraulics performance of BCR TB.
Specific parameters are clearly listed in Table 3.

Table 1: Multiscale bubble swarm bin groups discretization

Groups 0 1 2 3 4 5 6 7 8 9 10 1
Bin 1512 12.00 953 756 6.00 4.76 3.78 3.00 238 189 150 119

Table 2: Specific configuration and simulation parameters of present BCR TB

Parameters Values
Column (width x depth x height, mm) 135 x 36 x 755
Diameter of heat exchanger tube (Dy) (mm) 8
Number and layout of tubes per bundle 2 rows x 3 columns, in-line
Longitudinal pitch of tube bundle (L;) (mm) 18
Transverse pitch of tube bundle (I,) (mm) 12
Orifice diameter (D) (mm) 2/3/4
Number of orifices on a branch tube 15
Orifice spacing (mm) 9
Orifice angle (6) (°) 30/45/60
Installation height of gas sparger (H) (mm) 37/42/47
Gas phase jet velocity (m/s) 1
Inlet gas phase temperature (K) 700
Tube bundle walls temperature (K) 285
Initial liquid phase temperature (K) 287
Initial liquid phase height (mm) 500

Table 3: Detailed configuration parameters of gas sparger

Case D(mm) 60 (°) H (mm)

1 2 60 42
2 3 60 42
3 4 60 42
4 3 30 42
5 3 45 42
6 3 60 37
7 3 60 47
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2.2 Governing Equations

For the present multiscale bubble swarm flow around the tube bundle inside BCR TB, the physical
process can be considered as a time-dependent and non-equilibrium multi-phase fluid flow. Compared with
the common Volume of Fluid (VOF) and Mixture models, the Euler-Euler two-fluid framework is more
suitable for describing this issue with higher prediction accuracy [30]. This methodology solves separate
sets of governing equations for each phase, and the interphase coupling relationship is established through
interaction coeflicients.

2.2.1 Euler-Euler Two-Fluid Model

Continuity equation,

d (prax)

Ew +V - (proagug) =0,k=1,¢ ey)

Momentum equation,

8 (pkcxkuk)

o + V- (pragurug) = —axVp + proarg + V- (axti) + Fir, k=1, g (2)

Energy equation,

8 ((kakhk)

0
Y +V‘(0¢kPk“khk)=“k%+7’k'vuk—v-qk,k=l,g (3)

2.2.2 Turbulence Model

The precise prediction of multiscale bubble swarm flow fields determines the reliability of simulation
results. Based on previous research, the standard k-¢ turbulence model is utilized to calculate the time-
averaged Reynolds stress tensor [31]. This model can provide reasonably accurate predictions regarding BSD
at a lower computational cost. The equations are shown as follows:

k equation,

0 (kpa)

+V-(¢xkpu)=v~[ocl <y+&)Vk]+ocG—pocs (4)
ot Ok

€ equation,

d (pae)
ot

+V - (apue) = V-[oc (/A+%)V€]+%(C€1G—Cszpe) (5)

€

k2
Ut :PCH? (6)

G is the generation rate of turbulent kinetic energy. C;; = 1.44, C; =1.92, C, = 0.09, 0} = 1.0, 0. = 1.3.

2.2.3 Interphase Forces

It must be pointed out that the accuracy of numerical results is also highly associated with the selected
interphase force models, such as drag and lift force models, wall lubrication force model, and virtual mass
force model. Due to the excellent performance in predicting the polydispersity of bubble swarm under
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heterogeneous regimes, the Ishii and Zuber model [32] is selected to calculate the drag force. The model
incorporates the interactions of bubble swarm through semi-empirical correlations. Its equation is given as
follows:

3Cp

bPl“g‘”g_”l‘(”g_”l) )

Fp=--P
b= 44

Drag coefficient (Cp) is the most critical parameter in calculating Fp. The Schiller and Naumann
model [33] can be suitable for computing Cp, which divides the relative Reynolds number (Re) into two
ranges. Its expression is shown as follows:

24(1+0.15Re”%¥) /Re  Re <1000

Cp = { 0.44 Re > 1000 )

Lift force (Fp) is perpendicular to the flow direction of the bubble swarm, which is mainly induced by

the asymmetric flow of the bubble swarm. The present F;, is employed as the term proposed by Jin et al. [34].
Its form is given as follows:

Fp = Cragp; (ug—uy) x (V- uy) )

Given the ability to describe lateral forces caused by asymmetric flow of bubble swarm, the Tomiyama
model [35] is adopted to calculate the lift force. This model explicitly correlates the lift coefficient (C;) with
Re and modified E6tvos number (Eo), which makes it suitable for predicting bubble swarm flow around a
tube bundle with larger velocity gradients. It can be given as follows:

4 (Pl - Pg) dﬁ

Eo' = (10)
o
dy = dy (1+ 0.163E0*77)° (1)
_ dz
Fo = g(Pq PP) b (12)
o
min (0.288 tanh (0.121Re), f (Eo’)) Eo' <4
CL=1 f(Eo") 4<Eo' <10 (13)
-0.27 Eo' > 10
f (Eo) = 0.00105E0° — 0.0159E0” — 0.0204E0 + 0.474 (14)

Turbulent dispersion force (Fr) results in the dispersion of bubble swarm from high-concentration
regions to low-concentration regions. The diffusion-in-VOF model [36] is selected to describe Fr because it
explicitly relates the turbulent viscosity to bubble swarm concentration gradient. This approach is particularly
suitable for modeling the dispersion of bubble swarms in high-turbulence regions, where small-scale eddies
dominate the coalescence and breakup of bubble swarms. Its expression is as follows:

0
EY: (‘quq) tV- (“qPq”q) =V (qu‘xq) +38g (15)
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Among them, V(y,Va,) is the turbulent diffusion term. y, is the diffusion coefficient, which can be
calculated using turbulent viscosity:
= —‘ut’q

Yq quzz'”” (16)

Under the default conditions, o, = 0.75.

Wall lubrication force (Fy ) involves the concentration of multiscale bubble swarm near the walls
without adhering to surface, which pushes bubble swarm away from wall. The Fy, model proposed by Antal
etal. [37] is utilized to describe the repulsion phenomenon of bubble swarm. It calculates the repulsive force
based on BSD and the distance to wall. The expression is given as follows:

2
_ Jui = ug|
FW = prl(xgd—l/lw (17)
b

Cy refers to the wall lubrication force coefficient, its expression is obtained as follows:

C C
szmaX(O,ﬂ+ Wz)
dyp yYw

(18)

Cwi = —0.01, Cy; = 0.05, dj, is the bubble swarm diameter, y,, is the distance to wall.

2.2.4 Equations of PBM

A series of population balance equations are utilized to predict complex BSD inside tube bundle zone.
The governing equations of PBM [38] are displayed as follows:

W+V-(u-n(\fi,t)):8i (19)

Si=Bc,i—Dc,i + Bp,i = Dp,; (20)
1 14

Bc,i:-f c(V=V VY n(V -V, ) n(V,t)dV’ 1)
2 Jo

D, = jo-ooa(V, VY n (V. ) n (V' £) dV’ (22)

Byi= [b(V)B(VIVn(V,tyav” (23)

DB),' Zb(V)H(V, t) (24)

c(V - V', V') is the coalescence kernel function, b(V’) is the breakage kernel function, a (V, V') is the
coalescence efficiency of bubbles with volumes V’ and V, f(V|V”) is the probability that a bubble with volume
V breaks into a bubble with volume V’.

The Luo coalescence model [39] is employed, which describes bubble swarm coalescence probability
through the competition mechanism between turbulent eddy collision frequency and liquid film drainage
time. This model is also suitable for characterizing the evolution of BSD dominated by the coupled
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breakage-coalescence effects. It quantifies coalescence behavior via the physical correlation between collision
frequency and coalescence efliciency of the bubble swarm.

c (de,dj) =W pe (25)
wc (drd)) = 5V2¢! (din )’ (df,azf)E (26)
0.75(1+ &) (1+ &, : ;
pe (desd;) = exp —0.4[ ( ’)( ’)3] We;; (27)
(’;—f + 0.5)2 (1+&)
1 2
Wel. = pidettei” (28)
e] O.
Uej = (uez + ujz) =u, (1 + f;;) (29)
d
Eoi= = up = \/2ed, (30)
] dj

The Luo and Svendsen breakage model [40] predicts breakup behavior based on the dynamic equilib-
rium between turbulent eddy kinetic energy and surface energy, which can accurately capture the physical
phenomenon of high-turbulence gas-liquid systems. It establishes a framework for breakup processes using
breakage frequency and daughter BSD function as the core variables.

b(fyrd) =0.923 (1 ) (%) f; (1+<) .exp(_ﬂui) dt (31)

Viaughter

fV _ dab{}ghte (32)
2 2

cr=fo+(Q-fv) -1 (33)

2.3 Solution Strategies

Transient 3D numerical simulation is conducted using commercial software ANSYS Fluent 2022. In
the software, the above-mentioned governing equations are solved by the two-phase flow solver. This solver
discretizes the equations based on the finite volume method, which is well-suited for transient two-phase
flow simulation. The time step size is set to 0.005 s as an optimized value so that the Courant-Friedrichs-
Lewy number [41] can be lower than 1. To highlight the variation trends and average behaviors of gas-liquid
flow within a relatively long time-scale, the simulation results are presented as time-averaged values. Table 4
summarizes the discretization schemes adopted for the present numerical investigation.
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Table 4: Summary of adopted discretization schemes for numerical simulations

Terms Schemes
Volume fraction parameters formulation Implicit
Pressure-Velocity coupling Coupled
Gradient Least squares cell based
Divergence in convection term of pressure PRESTO!
Divergence in convection term of other variables First order upwind
Transient formulation First order implicit

2.4 Data Reductions

To quantify the thermal-hydraulics performance of BCR TB, the key parameters, including #, f and PEC
can be derived from numerical results. This section presents the mathematical formulas used to calculate
these parameters. These formulas serve as the basis for evaluating the impact of gas sparger configurations
and validating the proposed VBSM framework. The definitions of each parameter are clearly stated as follows:

The Nu is given as:

_hDy

N 34
u=— (34)
where A is thermal conductivity of multi-phase fluids.

The time-average h is given as:
h=—1 (35)

Tf - T,
where g represents the heat flux, Ty and T, respectively represent multi-phase fluids temperature and tube
bundle walls temperature.

The f is estimated by:

2APD,
— 36
=T (36)

where AP is the pressure drop of BCR TB, which can be obtained by:
AP = Py, = Poyy (37)

where P;, and P,,; refer to the fluid hydrostatic pressures at the inlet and outlet.

The 7 is estimated by:
Qin - Qout

in

x 100% (38)

where Q;, and Q,,; represent the total heat at the inlet and outlet.
The PEC in the present work is given by:

(Nu/Nuy)

PEC = :
(f/fo)?

(39)
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where Nuy and f,, represent the selected base-line values.

The absolute average of deviation (AAD) of Nu can be obtained by:
1
AAD = = 3 |(Nttyum = Nupre ) [Nttpre| x 100% (40)
n

2.5 Mesh Independence

Gambit software (Gambit 2.4.6) is adopted for pre-processing to generate 3D hybrid mesh elements,
as illustrated in Fig. 3. The majority of elements are hexahedral with low skewness, and their skewness is
below the threshold of 0.4. In order to reduce the computational cost and improve computational accuracy,
the block partitioning strategy is utilized to generate the elements near the gas sparger and tube bundle
zones. Furthermore, a mesh independence analysis is conducted under the condition where D =3 mm, 6 =
60° and H = 42 mm. Five groups of mesh systems are generated with the number ranging from 82,941 to
935,860. The calculated Nu and f are shown in Fig. 4. When the number of elements increases from 390,851
t0 935,860, the variations of Nu and f gradually stabilize. Therefore, in order to avoid excessive consumption
of computational resources, the mesh system with 390,851 elements is used for the subsequent simulations.
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Figure 3: 3D hybrid mesh elements
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Figure 4: Mesh independence analysis
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2.6 Model Validation

To ascertain the credibility and accuracy of the proposed VBSM, a validation study is performed using
our previous experimental platform for BCR TB [42]. The numerical parameters are basically consistent with
the experimental data. During the experimental process, conjugate heat transfer occurs among the gas phase,
liquid phase, tube bundle walls and cold water. The obtained temperature values can be used as reasonable
boundary conditions for numerical simulations. The detailed experimental procedure will not be repeated
here. As is well known, ¢, is a comprehensive parameter that can be used to reflect the flow and heat transfer
characteristics of multi-phase fluids. Fig. 5 illustrates the comparison of the average ¢, for different superficial
gas phase velocities (U,) and initial liquid phase heights (H;;) under the heterogeneous regime. It can be
clearly seen that the calculated data utilizing the present VBSM are almost consistent with experimental
results with small prediction deviations. As a matter of fact, the present VBSM can be applied to different
BSD scenarios of BCR TB, which reflects the applicability of this advanced methodology to some extent. In
summary, the complex thermal-hydraulics performance of BCR TB can be further investigated by utilizing
the present VBSM.

0.32
—=&— Han's experimental results at A, ;=250 mm
0.30 - O- - Calculated data by CFD VBSM
0.28 —A— Han's experimental results at H;, ;=300 mm 2
" | - &~ - Calculated data by CFD VBSM

0.26 |

024 |
T o022}

0.20 -

0.18 | l

0.16 Heterogeneous regime

0. 14 1 L 1 i 1 i 1 L 1

0.06 0.08 0.10 0.12 0.14
U, (m/s)

Figure 5: Comparisons of experiments results and calculated data about gas holdup by VBSM

3 Results and Discussions
3.1 Mechanism of Multiscale Bubble Swarms Flow around Tube Bundles

Similar to the thermal-hydraulics process of single-phase fluid flowing through tube bundle, the present
tube bundle zone subjected to bubble swarm can be divided into three typical zones, namely the sparger
effect zone, fully developed zone and free interface effect zone, as shown in Fig. 6. It can be seen that average
h of the sparger effect zone is smaller than that of the fully developed zone. At this stage, gas phase has just
been ejected from gas sparger, and both the size and the flow velocity of the multiscale bubble swarm are
smaller due to the hindering effect. For the fully developed zone, bubble swarm flow trajectories are further
altered due to the obstruction of the tube bundle. Near tube bundle walls, the radial velocity gradient in
the liquid phase forms, which results in different pressures acting on the multiscale bubble swarm. Bubble
swarm is deflected from a straight upward path by lateral forces and flow around tube bundle. Additionally,
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average h of the fully developed zone increases and reaches a relatively stable value after passing through 3
rows of tubes. Because at this point the coalescence rate of the multiscale bubble swarm (dominating over
fragmentation) increases, which induces an increase in the fraction of large bubbles. For the free interface
effect zone, average h further increases after 7 rows of tubes. The reason may be that when the multiscale
bubble swarm approaches the unstable free interface, a large pressure gradient forms, which causes violent
fluctuations in the gas-liquid interface and enhances heat transfer.
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Figure 6: Mixture-to-wall heat transfer coefficient distribution on three columns of tube bundle

Fig. 7 displays the distributions of local & along the circumferential angle (y) for different heat exchang-
ing tubes; the selected tube bundle number is column 2. Results indicate that local 4 inside different zones
generally shows a trend of increasing initially and then diminishing, with the peak value always appearing at
210°. The flow velocity is higher on the windward side, resulting in stronger turbulence intensity and higher
h. When the multiscale bubble swarm reaches the leeward side, the flow velocity decreases and the turbulence
level diminishes, which is conducive to reducing heat transfer efficiency. For tube 1-2 (sparger effect zone),
as the flow velocity is relatively small and the bubble swarm size presents uneven distribution, the h of this
zone is relatively low. In comparison, for tube 7-2 (fully developed zone), a fully heterogeneous flow forms,
and breakup and coalescence effects of the bubble swarm mainly result from turbulent eddy collisions [43].
When flow velocity further increases, the multiscale bubble swarm is prone to deform and more likely to
collide with tube bundle walls. For tube 15-2 (free interface effect zone), h further increases due to the rupture
of bubble swarm near the free interface.

Fig. 8 depicts the predicted numerical contour of ¢, for BCR TB. Fig. 8a displays the overall ¢; at z =9
mm. The results indicate that the tube bundle has a significant shear effect on the rising multiscale bubble
swarm. The transverse lift force promotes the aggregation of large bubbles and pushes them towards the
central area. A large number of bubbles emerge inside the entire tube bundle zone. Meanwhile, this shear
effect leads to an enhanced mixing effect and the typical “bubble swarm column” phenomenon forms. The
distributions of local &, on the three selected planes are shown in Fig. 8b. It can be seen that at plane 1 (sparger
effect zone), the shape of bubble swarm is mainly flat, because bubble swarm is subjected to significant
resistance. As the axial height increases, the shape undergoes significant changes due to the lift force. At plane
2 (fully developed zone), the shape of bubble swarm presents a circular ring. Bubble swarm tends to mix
with each other. The interweaving of large and small bubbles inside this zone is beneficial for enhancing heat
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transfer. At plane 3 (free interface effect zone), the accumulating multiscale bubble swarm will disperse again
due to the liquid phase reflux. Furthermore, an increase in turbulent kinetic energy facilitates the penetration
of bubble swarm across the free interface.
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Figure 7: Distributions of local mixture-to-wall heat transfer coeflicients for tube bundle
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Figure 8: Predicted numerical contour of gas holdup. (a) Overall value on z = 9 mm. (b) Local value on different
cross-sections

Fig. 9 shows the distribution of multi-phase fluid streamlines inside the tube bundle zone. From Fig. 9a,
there exist typical vortical flow phenomena of multiscale bubble swarm which suggest obvious chaotic
behaviors and intense radial migration. These vortices are almost dispersed throughout the entire zone.
Further observation displays that the vortices with different sizes inside the fully developed zone are more
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pronounced, which is attributed to the self-aggregation effect. The distinctive feature is conducive to intense
oscillatory fragmentation. Meanwhile, it can also reduce the boundary layer thickness of multiscale bubble
swarm and enhance heat transfer. The simulated 2D vertical cut view of the axial liquid phase inside tube
bundle zone is shown in Fig. 9b. It reveals that upward and downward velocity components near the tube
bundle walls exist, which are accompanied by the formation of evident circulation phenomena, especially
large circulations emerge with intense vorticity. Besides, the whole axial liquid phase velocity (v;,;) exhibits
a periodic distribution.
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Figure 9: Distribution of multi-phase fluids streamlines. (a) 3D bubble swarm. (b) 2D vertical cut view of axial liquid
phase

Fig. 10 depicts the distribution of v,, along the horizontal direction of different cross-sections. It can
be observed that v, , exhibits a periodic distribution with a peak value reaching up to 70% of the inlet
velocity. It is noted that the peak values almost appear directly above the gas sparger. The peak positions
are approximately located near x = —0.045 m, x = 0 m and x = 0.045 m. At plane 1 (sparger effect zone), the
frequency of bubble aggregation and fragmentation is higher, resulting in frequent collisions and lower v;,,.
At plane 2 (fully developed zone), the aggregation frequency increases due to the “bubble swarm column”
effect, which reduces rising resistance and consequently increases v,,¢. At plane 3 (free interface effect zone),
the multiscale bubble swarm in this zone must overcome significant resistance, leading to a decrease in v,.
Quantitative calculations show that the average values of v, ; on three planes are respectively 0.42, 0.48 and
0.44 m/s.

Fig. 11 illustrates the horizontal BSD at three different cross-sections. It can be seen that BSD inside the
sparger effect zone is considerably disordered. At this point, multiscale bubble swarm undergoes intense
momentum exchange with the surrounding liquid. Furthermore, a multiscale bubble swarm is subjected to
forces in different directions, which interfere with the coalescence process and make it difficult to form a
regular distribution. Closer inspection shows that BSD inside the fully developed zone and free interface
effect zone tends to be stable and presents three peak values. Furthermore, the bubble swarm size in both
zones gradually increases, especially the growth rate in the fully developed zone is more significant. It can
be attributed to the vortical flow within the tube bundle zone, which promotes the aggregation effect of
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bubble swarm. When the distance between bubbles is small enough, multiscale bubble swarm is more likely
to coalesce under the action of surface tension.
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Figure 10: Vertical velocities of gas phase along horizontal direction on different cross-sections
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Figure 11: Bubble size distribution on different cross-sections along horizontal direction

3.2 Effects of Gas Sparger Configurations
3.2.1 Axial Gas Holdup Distribution

Fig. 12 provides a comparison of the predicted local and average axial ¢, under different gas sparger
configurations. As shown in Fig. 12a, as D increases, the local and average axial ¢, first decrease slightly and
then increase significantly. It occurs because an increase in D reduces the gas flow velocity. Accordingly, the
upward velocity of the multiscale bubble swarm inside the liquid phase slows down. The increasing trend
within sparger effect zone is more drastic compared to that of the fully developed zone and the free interface
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effect zone. When D = 4 mm, the axial distribution gradient of g is larger, which indicates that this structural
parameter is beneficial for enhancing heat transfer intensity. Fig. 12b considers the effect of 6 on the local
and average axial ¢, distribution. It shows that the distribution pattern of axial & remains consistent across
different 6. The variation of axial &, becomes moderate inside the sparger effect zone and the free interface
effect zone. The larger 0, the smaller the average axial ¢,. That is because the initial injection area of the
gas phase increases and results in a reduced probability of multiscale bubble swarm coalescence rate. When
bubble swarm collides with tube bundle walls, such collisions promote the formation of higher ,. Fig. 12c
displays the effects of H on the local and average axial ¢, distribution. It can be observed that as H increases,
&g exhibits an initial decrease followed by an increase. This trend correlates with the prolonged residence time
of multiscale bubble swarm. It has been calculated that the average &, values are respectively 0.095, 0.088 and
0.093.
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Figure 12: Comparison of predicted local and average axial gas holdup distribution. (a) Different orifice diameters. (b)
Different orifice angles. (c) Different installation heights

3.2.2 Sauter-Mean Bubble Swarms Size

For the present multiscale bubble swarm flow around tube bundle, various Sauter-mean bubble swarm
sizes can be classified as small-sized bubbles (d, < 6 mm), medium-sized bubbles (6 mm < dj, < 10 mm)
and large-sized bubbles (d, > 10 mm) [44]. The comparison results of Sauter-mean bubble swarm size
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inside tube bundle zone are displayed in Fig. 13. From Fig. 13a, as D increases, the fraction of small-sized
bubbles gradually decreases, and the fraction of medium-sized bubbles increases and then decreases, while
the fraction of large-sized bubbles increases significantly. Further observation shows that when D = 4 mm,
the Sauter-mean bubble swarm size tends to be consistent and uniform distribution, which is favorable for
enhancing heat transfer. Fig. 13b compares Sauter-mean bubble swarm size under different 6. It can be seen
that as 0 increases, the fraction of small-sized bubbles reduces slightly, while 6 has nearly no effect on the
fractions of medium-sized and large-sized bubbles. In other words, multiscale bubble swarm aggregation
and breakup effects are not sensitive to 8. As displayed in Fig. 13¢, at determined H, there are mainly small-
sized bubbles inside tube bundle zone, especially the fraction of large-sized bubbles is small. Additionally,
the impact of H on the fraction of medium-sized bubbles is more pronounced.
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Figure13: Comparison of predicted magnitude of Sauter-mean multiscale bubble swarm size distribution. (a) Different
orifice diameters. (b) Different orifice angles. (c) Different installation heights

3.2.3 Mixture-to-Wall Heat Transfer Coefficient and Friction Factor

Fig. 14 shows the influences of gas sparger configuration parameters on h and f. From Fig. 14a, when D
increases, the number of bubble swarm inside tube bundle zone increases and leads to an enhancement in
h. However, an increase in D may increase the flow resistance of bubble swarm and result in a greater f. The
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trends in h and f under different 6 are shown in Fig. 14b. As 0 increases, both parameters inside the sparger
effect zone gradually increase. Except for this zone, f gradually decreases with 6 = 30° being an exception. Yet,
the changing trend concerning f inside fully developed zone and free interface effect zone remains constant.
The reason may be that the fraction of bubble swarm is not related to 6 (see Fig. 13b). Fig. 14c illustrates
multiscale bubble swarm exhibits the highest # when H = 42 mm, at this time f is also the highest. Hence, it
is necessary to comprehensively consider these two aspects for the overall thermal-hydraulics performance
of BCR TB.
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Figure 14: Comparison of predicted mixture-to-wall heat transfer coefficient and friction factor. (a) Different orifice
diameters. (b) Different orifice angles. (c) Different installation heights

3.3 Comprehensive Thermos-Hydraulics Performance Analysis

As depicted in Fig. 15, Nu and AP exhibit similar changing trends under different gas sparger configura-
tion parameters. Under the combined parameters of Case 3 (D =4 mm, 6 = 60°, H = 42 mm), Nu reaches the
maximum value while AP is the minimum value. It may be that an increase in D leads to a more uniform BSD
inside the tube bundle zone, which increases the effective heat transfer area. When D = 4 mm, the interfacial
area of bubble swarm significantly increases and flow resistance is reduced. Furthermore, when compared
with 0, the variation of H has a more significant impact on Nu and AP. The reason is that it affects the flow
trajectory of bubble swarm and BSD as stated above.
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To further clarify the influence of gas sparger configurations on the thermal-hydraulics performance
of BCR TB, an in-depth exploration is conducted in terms of # and PEC. Fig. 16 presents the variations in
total heat at the inlet and outlet carried by the gas phase under different cases. It can be seen that under
Case 3, the inlet and outlet heats carried by gas phase are respectively 272.71 and 5.52 W, and the maximum
1 of 97.98% can be achieved. Furthermore, Table 5 lists the comprehensive thermal-hydraulics parameters
evaluation for BCR TB. Here, the configuration parameters of Case 1 are selected as the baseline, and PEC
of six additional configurations is calculated and compared. Results show that the optimum PEC is 1.087.
Notably, for combined parameters, D has a significant influence on PEC with the maximum deviation of
8.7%. In contrast, the variations of 6 and H have a smaller impact on PEC, with a maximum deviation being
only 1.7%.
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Figure 15: Variations of Nu and AP under different gas sparger configurations
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Figure 16: Variations of total heat at inlet and outlet carried by gas phase



Front Heat Mass Transf. 2025;23(4) 1123

Table 5: Comprehensive thermal-hydraulics parameters evaluation of BCR TB

Case Thermal-performance parameters PEC

h f 1

1 1114.124  0.213 97.88% -

2 1139486 0.232 89.72% 0.983
3 1228107 0.281 97.98% 1.087
4 1070.886 0.193 97.78% 0.995
5 1104404 0.213 90.72% 0.988
6  1033.018 0.168 97.82% 1.011
7 1084.157 0.202 97.76% 0.994

3.4 Correlative Formula for Nusselt Correlation

Table 6 presents commonly used dimensionless Nu correlations for multi-phase fluid system. It is
deduced by calculation that the AADs of Kim [45] and Ranz and Marshall [46] are 162.13% and 29.22%,
respectively. Hence, the classical correlations are not suitable for predicting the thermal-hydraulics perfor-
mance of present BCR TB. Furthermore, given that the heat transfer characteristics of BCR TB are influenced
by the gas sparger configuration parameters, the present paper develops a new dimensionless and semi-
theoretical correlation incorporating structural correction factors (D, 0, and H). The specific form of this
correlation is given as:

208y, —7.14 (Dsinf -
Nu =0.35Re;™ " Pry™" T 2451 < Rey < 4787, Pry < 0.75 (41)

Table 6: The common Nusselt number correlations of multi-phase fluids system

Literature Correlations
Kim [45] Nu = 0.35Re;*0Pr 03¢ (Prf/PrW)o'25 (Sr/S1)"?
Ranz and Marshall [46] Nu=20+ 0.6Ref1/2Prf1/3

Fig. 17 presents the comparison results of predicted and numerical Nu. Evidently, the predicted Nu using
the new correlation is in good agreement with simulated values within a tolerance of +20%. Additionally,
the AAD is calculated to be 5.15%. It implies that new correlation can be used for the optimal design of BCR
TB to some extent. In future work, the ranges of investigated parameters will be expanded to improve the
predictive ability of correlation equations.
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Figure 17: Comparison results of predicted and numerical Nusselt number

4 Conclusion

In the present study, a novel variable bubble swarm size modeling approach is proposed to investigate

the bubble swarm flow around the tube bundle inside BCR TB. Meanwhile, the effects of gas sparger
configurations on the thermal-hydraulics performance are also comprehensively studied utilizing this
advanced numerical method. The following conclusions can be drawn:

©)

)

©)

A novel variable bubble size modeling approach, which combines the Euler-Euler two-fluid model,
interphase force models, standard k-¢ turbulence model and PBM, is more suitable for predicting the
mechanism of multiscale bubble swarm flow around a tube bundle. The intrinsic relationship between
gas sparger configurations and the thermal-hydraulics performance of BCR TB can be investigated
with higher accuracy using this methodology.

For multiscale bubble swarm flow around a tube bundle, the entire tube bundle can be divided into
three typical zones, namely the sparger effect zone, the fully developed zone and the free interface
effect zone. The average mixture-to-wall heat transfer coeflicient of different zones generally increases
first and then decreases, with the maximum peak value always appearing at 210° of heat exchange
tubes. Under the action of the shear effects and transverse lift forces, a typical “bubble swarm column”
phenomenon forms. There exists a typical vortical flow phenomenon around a tube bundle, which
is conducive to enhancing heat transfer. On different cross-sections, the vertical gas phase velocities
exhibit a periodic distribution along the horizontal direction, and the positions of peak values are
always located directly above the gas sparger.

When the orifice diameter is 4 mm, the multiscale bubble swarm exhibits stronger heat transfer
intensity due to the larger axial gradient of the gas holdup. An increase in orifice diameter may increase
the fluid flow resistance of the bubble swarm. For different orifice angles, the variations in axial gas
holdup become moderate inside the sparger effect zone and free interface effect zone. The aggregation
and breakup effects of a multiscale bubble swarm are not significantly affected by orifice angle. When
the installation height increases to 42 mm, both the mixture-to-wall heat transfer coefficient and
friction factor reach their maximum values.
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(4) Compared with the orifice angle, the variation of installation height has a more significant influence on
the Nusselt number and pressure drop. When the orifice diameter is 4 mm, the orifice angle is 60° and
the installation height is 42 mm, the energy conversion efficiency and performance evaluation criterion
of BCR TB are respectively 97.98% and 1.087. Moreover, a new dimensionless and semi-theoretical
Nusselt correlation incorporating a structural correction factor with an average absolute deviation of
5.15% is developed. The present findings are empirical and require further verification with the aim of
being confidently utilized by designers.
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Nomenclature

Bg;, Dg; Birth and death rate by bubble breakup, 1/s
Bc.i» Dci Birth and death rate by bubble coalescence, 1/s
Cp Drag coeflicient

C Transverse lift coefficient

Crp Turbulent dispersion coefficient

Cwi Wall lubrication coeflicient

d, Bubble diameter of e, mm

Eo Eotvos number

Fp Drag force, N

Fr Transverse lift force, N

Fr Turbulent dispersion force, N

Fy Wall lubrication force, N

fv Ratio of daughter bubbles to original bubbles
g Gravity, m/s®

H Installation height of gas sparger, mm

H Mixture-to-wall heat transfer coefficient, W/m?-K
K Turbulent kinetic energy per unit mass, m?*/s®
Nu Nusselt number

n(Vit) Bubble density function

Pe Bubble collision efficiency

AP Pressure drop, Pa

Q Heat flux, W/m?
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Re Reynolds number

T Time, s

T Temperature, K

% Velocity, m/s

Greek Symbols

& Gas holdup

Ty Stress, Pa

&j Ratio of bubble e to bubble j

p Density, kg/m’

w, Bubble coalescence efficiency

A Thermal conductivity, W/m-K

n Energy conversion efficiency

Abbreviations

AAD Absolute average of deviation

BSD Bubble swarm size distribution

BCRTB Bubble column reactor fitted with tube bundle

PEC Performance evaluation criteria
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