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Article 1 
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Dynamic behavior of a single bubble in cavity flow driven by a 3 

turbulent channel 4 

 5 
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 11 

Gas liquid two-phase flow is a common phenomenon in both nature and industry processes. 12 

Predicting the behavioral trajectory of bubbles in complex flow fields is an aspect of gas liquid flow, 13 

for which the analysis and understanding of the forces acting on the bubbles are necessary. This study 14 

investigates the motion of single bubbles about 2 mm in the recirculating flow in a quasi-two-15 

dimensional cavity. force-16 

balance 17 

18 

We introduce the effective lift coefficient, which represents the 19 

combined effects of bubble deformation, turbulence and wall shear. 20 

21 

 Therefore, we are able to quantify the relative importance of the forces acting on the bubble, 22 

and offers an empirical framework for modeling deformable bubble dynamics in multiphase systems. 23 
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1. Introduction 31 
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In stagnant water, the forces acting on bubbles are mainly 47 

buoyancy and drag forces. Aybers and Tapucu [9] investigated parameters such as the rising velocity, 48 

trajectory, and shape of bubbles of different sizes in stagnant water. Tomiyama et al. [10] further 49 

derived the terminal velocity equation of rising bubbles. Liu et al. [11] explored the relationship 50 

among bubble size, bubble shape and bubble rising path. However, 51 
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2. Experimental Setups and Methodology 89 
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Case    Liquid flow rate from pump/L·min 1 ReL in the channel 

1 24 ± 0.2 2.1×104 

2 30 ± 0.2 2.7×104 

3 36 ± 0.2 3.2×104 

4 42 ± 0.2 3.7×104 

5 48 ± 0.2 4.3×104 
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3. Theoretical Calculation of Bubble Motion 191 
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It should be noted that the 200 

isotropic turbulence assumption may introduce certain uncertainties. Due to the confinement in z-201 

direction, this assumption may overestimate the velocity fluctuations in z-direction. This leads to 202 

deviations in the estimation of turbulence kinetic energy and an overestimation of the forces acting 203 
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on the bubble. However, given the quasi-two-dimensional design of the cavity and the supporting 204 

PIV results, this assumption is considered acceptable within the accuracy required for the present 205 

analysis.  206 
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4. Results and Discussion 274 
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 343 

As discussed in Section 4.1, the experimental results show that the bubble motion and residence 344 

time in the cavity are strongly influenced by the liquid flow rate and turbulence characteristics. With 345 

the increase of the channel flow rate, the bubble trajectories expand towards the central region of the 346 
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cavity, while the mean residence time exhibits a non-monotonic trend. Because the cavity has a small 347 

depth of 6 mm, the bubble motion can be effectively represented using a quasi-two-dimensional 348 

cavity model, which can help establish a quantitative understanding of the bubble behavior. The liquid 349 

velocity, turbulent kinetic energy, and energy dissipation rate in cavity obtained by PIV were directly 350 

used as inputs to the model, ensuring that it represents the actual flow conditions within the cavity 351 

rather than relying on assumed flow structures.  352 
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The increase in flow 430 

velocity enhances local turbulence and wall-induced shear, thereby altering the vorticity field. The 431 

combined effects of the resulting asymmetric vorticity and the deformation-induced vorticity may 432 

lead to changes of the lift force acting on the deformed bubble, thereby affecting the bubble motion. 433 

This is consistent with the mechanism described by Zand et al. [47]. The PIV results (see Fig. 12) 434 

reveal strong spatial variations in turbulence intensity, with a highest turbulence near the left wall and 435 

a weaker turbulence toward the cavity center. This inhomogeneity of turbulence alters the local 436 
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velocity gradients acting on the bubble under different liquid flow rate. As a result, the effective CL 437 

first increases and then decreases with the increasing flow rate. In addition, near the left wall, wall-438 

induced shear enhances the lateral velocity gradient and amplifies the lift force. At higher flow rates, 439 

single bubbles tend to migrate toward the cavity center, where wall influence weakens, leading to a 440 

reduction in the effective CL. Therefore, the non-monotonic variation of the effective CL with flow 441 

rate is a complex interaction among bubble deformation, turbulence, and wall effects. The effective 442 

lift coefficient obtained in this study serves as a parameter that integrates these coupling mechanisms. 443 

Although this empirical approach allows good agreement between the simulated and experimental 444 

results, it also remains limitation that it cannot directly resolve the instantaneous lift coefficient which 445 

might change along with bubble surrounding flow field and bubble deformation during its motion. 446 
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 475 

The present model uses an effective lift coefficient to reproduce experimental bubble trajectories 476 

and residence times. Its applicability is primarily confined to quasi-two-dimensional cavity flows 477 

where the bubble diameter is small and the liquid-phase flow field can be accurately captured by PIV. 478 

Under these conditions, the effective CL reasonably represents the combined effects of bubble 479 

deformation, turbulence isotropy, and wall effects. However, the generalization of this model is 480 

constrained by several factors. When the cavity depth increases and the flow becomes three-481 

dimensional, the assumptions of isotropic turbulence may fail to hold. Similarly, in the case of larger 482 

bubbles or systems with multiple interacting bubbles, deformation and wake interactions are likely to 483 

dominate the lift dynamics in ways that fall outside the scope of the current model. Similarly, for 484 
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larger bubbles or bubble cluster, the interaction between deformation and wake may make the current 485 

model no longer applicable. 486 

 487 
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5. Conclusions 490 

491 

492 
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494 

495 
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497 

498 

Case Probability of bubbles having a 

residence time more than 0.5 s 

by experiments 

Experimental 

measured mean 

residence time/s 

Probability of bubbles having 

a residence time more than 0.5 

s by calculation 

Calculated mean 

residence time/s 

Effective CL in the 

calculation 

CD in the calculation 

according to Eq. (10) 

1 0.12 4.2 0.11 4.8 1.7 0.30 1.10 

2 0.25 18.9 0.25 18.6 2.1 0.35 1.10 

3 0.41 22.0 0.45 21.6 2.4 0.35 1.40 

4 0.48 20.8 0.50 20.8 2.1 0.45 1.50 

5 0.53 16.4 0.52 16.5 1.8 0.45 1.60 
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Nomenclature 541 

a random number,  

aB acceleration of bubble, m·s 2 

CD drag force coefficient,  

CL lift force coefficient,  

CS Smagorinsky Lilly constant,  

dB equivalent diameter of bubble, m 

dc equivalent diameter of the channel, m 

ey unit vector,  

Eo Eotvos number 

F net force on bubble, N 

FD drag force, N 
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FL lift force, N 

FP pressure gradient force, N 

g gravitational acceleration, m·s 2 

k turbulent kinetic energy, m·s 2 

ma added mass of bubble, kg 

m mass of bubble, kg 

M Morton 

NB bubble number,  

p pressure, Pa 

Re Reynolds numbers of bubble 

ReL Reynolds numbers of liquid flow in the channel 

sij resolved strain-rate tensor, s 1 

tres bubble residence time, s 

 mean bubble residence time, s 

tts turbulence time scale, s 

uB bubble velocity, m·s 1 

uL liquid velocity, m·s 1 

 average liquid velocity, m·s 1 

uL' fluctuating liquid velocity, m·s 1 

uL,rms liquid root-mean-square velocity, m·s 1 

us slip velocity of bubble, m·s 1 

x horizontal coordinate, m 

y vertical direction, m 

z depth direction, m 

 size of the interrogation window, m 

t time interval, s 

 turbulent dissipation rate, m2·s 3  

L viscosity of liquid, Pa·s 
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 kinematic viscosity of liquid, m2·s 1 

B density of bubble, kg·m 3 

L density of liquid, kg·m 3 

 

 

surface tension of air liquid interface, N·m 1 

Reynolds stress, N·m 2 

 bubble aspect ratio,  
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