
 

 
 

 
 

 
 

Research progress on the hydrodynamic performance of water-air-bubble mixed 
flows around a ship 
 

  
Zheng Li, Xiao-song Zhang, De-cheng Wan* 

Computational Marine Hydrodynamics Lab (CMHL), School of Naval Architecture, Ocean and Civil Engineering, 
Shanghai Jiao Tong University, Shanghai 200240, China 
 
(Received January 22, 2022, Revised January 25, 2022, Accepted February 8, 2022, Published online April 27, 
2022) 
©China Ship Scientific Research Center 2022 
 
Abstract: The interaction between ship and surrounding fluids generates the water-air-bubble mixed flow laden with numerous 
droplets and bubbles. The water-air-bubble mixed flow is a complex multi-phase flow phenomenon, which involves intense air-water 
mixture, complex evolution of interface shape, interactions between multi-scale flow structures and strong turbulent fluctuations. 
Based on the field observations at sea, a large range of white water-air-bubble flow exists widely around a large-scale sailing ship, and 
directly affects the hydrodynamic performance of ship from various aspects. This paper reviews the research progress of 
water-air-bubble mixed flow around a ship. Current knowledge about the formation and evolution mechanism are introduced firstly. 
Then, the effects of the water-air-bubble mixed flow on ship performance are further reviewed, the main concerns are ship resistance, 
propulsion performance, slamming and maneuverability. Finally, the future research prospects are summarized. 
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Introduction 

Interactions between navigating ships and free 
surface flow will generate a sort of white, water- 
air-bubble mixed flow (as shown in Fig. 1), which is 
much more significant around the high-speed and 
large-scale sailing ships. Intense splashing jets pro- 
duced by the violent impact between wave and ship 
will break up into numerous satellite droplets, form a 
spray region over the two-phase interface. On the 
other hand, large air pockets or cavities are entrapped 
underwater due to the overturning of wave front, 
which will distort and fragment into air filaments and 
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multi-scale bubbles under strong turbulent shear. 
There are also strong mixture of bubbles or droplets 
near the violent deformed interface, which change the 
refraction and reflection characteristics of incident 
light. Therefore, the highly mixed two-phase flow 
usually appears as white, foam-like. 
 
 
 

 

 

 

 
 
 
 
 
 

Fig. 1 (Color online) white water-air-bubble mixed flow around 
a sailing ship 

 
The formation mechanisms and evolution 

process of water-air-bubble mixed flow differs in 
different regions around the ship. Near the bow, 
impact between the hull and surrounding fluid lead to 
the overturning and breaking of free surface, which 
will cause air entrainment underwater and subsequent 
splashing above the water surface. Near the midship, 
the water-air-bubble mixed flow on both sides will 
expand further and diffuse into the far field region 
away from the hull following the motion of bow wave. 
Behind the stern, the cavitation flow generated by the 
rotating propellers will interact with the separated 
wake flow. The process will enhance the flow insta- 
bility, turbulence fluctuation and two-phase mixture, 
producing a large-scale, turbulent bubbly wake. These 
phenomena are different forms of water-air-bubble 
mixed flow around the ship, which are ubiquitous 
when considering the large-scale (or full-scale) pro- 
blems. Although the water-air-bubble mixed flow are 
commonly observed, but there are no available 
theories or methods to describe and analyze the typi- 
cal phenomenon mechanistically and systematically. 
    The water-air-bubble mixed flow has significant 
effects on the hydrodynamic performance of sailing 
ships from different aspects: 
    (1) Resistance: The large-scale water-air-bubble 
mixed flow is generated by the interaction between 
ship and surrounding fluid (Fig. 2(a)), which is often 
accompanied by the violent wave breaking and 
significant energy dissipation. The added resistance 
caused by energy dissipation will lead to the in- 
creasingly fuel consumption and pollutant emissions 
    (2) Propulsion performance: The intense air- 
liquid mixture induced by the water-air-bubble mixed 
flow near the stern lead to a non-uniform inlet flow 
from upstream (Fig. 2(b)), which may exacerbate the 

cavitation on the propeller blade and decrease the 
general propulsion efficiency. 

(3) Sea-keeping: As introduced before, the water- 
air-bubble mixed flow usually appears as the spray 
flow containing numerous droplets or splashing jets 
over interface (Fig. 2(c)). The spatial distribution and 
magnitude of ship slamming loads will be changed, 
which directly affect the motion and dynamic res- 
ponse of ship, local structural strength and comforta- 
bility during sailing. 
 
 
 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
Fig. 2 (Color online) Complex interaction between water-air- 
      bubble mixed flow and the sailing ship 
 

(4) Ship maneuverability: A real navigating ve- 



 

 
 

ssel is usually a complex multi-system, which often 
consists of hull, propeller and rudder. The generation 
and evolution of water-air-bubble mixed flow around 
the multi-system is complex (Fig. 2(d)), which may 
interfere with the coupling between hull, propeller and 
rudder and increase the uncertainty for ship ma- 
neuverability. 

(5) Others: Except for the canonical hydrody- 
namic performance of ship, it is also found that the 
dynamic behavior of bubble clouds (or droplet spray) 
enhances the turbulent fluctuation in the dispersed 
multiphase flow, which will change the flow-induced 
noise around marine structures and affect the signal 
transmission of acoustic detection equipment (e.g., 
sonar[1-4]). Besides, the large-scale bubbly wake laden 
with enormous bubbles and droplets is easy to detect 
and track due to enhanced acoustic or optical signal, 
which greatly reduces the stealth capability of war 
ship. 

In summary, the water-air-bubble mixed flow 
around the ship is closely related to the design of 
advanced green ship, the development of energy 
saving technique, structural safety, vibration reduction 
and noise control. On the other hand, this problem 
involves the interaction of multi-phase, multi-scale 
structures and multi-system, which makes it a great 
challenge to discern what is happening mechanisti- 
cally. The engineering and academic significance 
attract extensive attention of scholars, which has been 
a hot issue in the ship and ocean engineering. In this 
paper, the research progress of water-air-bubble mixed 
flow around the ship is reviewed. It is the purpose of 
this contribution to present the complicated features of 
the typical two-phase mixed flow commonly encoun- 
tered in ship and ocean engineering. The main focuses 
lie in its influence on the performance of marine struc- 
tures in various aspects. We begin with the generation 
and evolution of water-air-bubble mixed flow near the 
sailing ships. Then the influence of the water-air- 
bubble mixed flow is considered from four aspects: 
Resistance, propulsion, see-keeping and maneuverabi- 
lity. The relevant experimental and numerical studies 
will be summarized in detail. The last section 
discusses the future research prospects. 
 
 
1. Generation and evolution of water-air-bubble 

mixed flow near the sailing ships 
During the navigation of the ship, a wide range 

of water-air-bubble mixed flow will be generated 
around it. The multi-phase mixed flow varies greatly 
along the hull. The formation mechanism and evolu- 
tion process are different near the bow, midship and 
stern due to the difference of the geometrical shape 
and installed equipment. 

For a large-scale sailing ship, the bow wave is 

usually unstable and irregular, which is often accom- 
panied by wave breaking and intense water-air mix- 
ture. Therefore, the problem of bow wave breaking is 
one of the main focuses. The classical experimental 
studies mainly focus on the morphological changes of 
the bow wave under different Froude numbers[5-7]. 
The Froude number in these model tests is generally 
in the range of 0.28-0.45. The main idea of the 
experiments is to produce the wave-breaking by 
increasing the towing speed of model. The high-speed 
camera is usually used to observe the process of wave 
breaking, capture the typical flow structures and 
record the locations of bow wave running-up. The 
Particle image velocimetry (PIV) technology can be 
employed to measure the velocity/pressure field and 
analyze the evolution of vortical flow field around the 
ship. Current studies[7] showed that the overturning of 
bow wave in the cases with high Froude numbers and 
subsequent splashing will produce significant air 
entrainment and droplets spray together, which 
account for the generation of water-air-bubble mixed 
flow around the bow. 

Experimental techniques provide efficient means 
for understanding the phenomenological evolution and 
general flow characteristics of the bow wave. With 
computation fluid dynamics (CFD) tools, we can 
further identify the type and understand the nature of 
bow wave breaking. Most of the previous numerical 
studies are based on the Reynolds-averaged Navier- 
Stokes (RANS) equations[8-12], the largest Froude 
number in these studies is 0.62. The overturning of 
bow wave and jet splashing can be captured while 
details of the turbulent flow field cannot be resolved 
well due to the time-averaging perator. Therefore, the 
detached eddy simulation (DES) combined with 
volume of fluid (VOF) or level set method has been 
prevalent in the simulation of bow wave breaking[13-17], 
the Froude number has been raised to 1.2. From the 
predicted free surface flow field as showed in Fig. 3, 
the typical flow structures (e.g., overturning breaking 
of bow wave, subsequent jet splashing) can be 
reproduced well in the simulation. The wave profile, 
vorticity and velocity field at several transverse 
sections are used to explain the formation of 
secondary jets. It is found that the counter-rotating 
vortex pairs generated by the overturning wave hits 
the free surface will lead to the great velocity gradient 
in the transverse direction, which contribute most to 
the formation of secondary jets. 

Present numerical studies can help us understand 
the formation of water-air-bubble mixed flow near 
bow. However, the transportation and dynamic be- 
havior of multi-scale bubbles due to bow wave 
breaking cannot be resolved well due to the numerical 
dissipation and insufficient grid resolution away from 
the model. Therefore, high-fidelity simulation based 



 

 
 

on high-order temporal/spatial discrete schemes and 
novel grid refinement technique is necessary for the 
intensive analysis of water-air-bubble mixed flows. 
Recently, Hu et al.[18] has performed the numerical 
simulation of breaking bow wave generated by a 
rectangular plate. The flow structures and bubble 
formation during the breaking process are under full 
quantitative investigation. The typical phenomenon of 
water-air-bubble mixed flow, including the break-up 
of thin liquid sheet, jet overturning and splash-ups are 
well reproduced by the present simulation (Fig. 4). 
Due to the use of adaptive mesh refinement technique, 
high-grid resolution can retain in the region with 
two-phase interface. Therefore, the evolution of 
bubble clouds in the downstream region can also be 
resolved and quantitatively analyzed. Although the 
test case is different from the bow wave breaking 
around a real ship model, the current studies have 
showed that the CFD tool is promising in the 
mechanical analysis of complex water-air-bubble 
mixed flow generated by a surface-piercing structure. 
 
 
 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 
 
 
 
 

 
Fig. 3 (Color online) Comparison between numerical simulation 

and sea trial of water-air-bubble mixed flow induced by 
bow wave breaking[14] 

 
 

 
 
 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 
 

Fig. 4 (Color online) The bow waves generated by a rectangular 
plate with different yaw angles. The left-hand column 
indicates the experimental observation[19-20] and the 
right-hand pictures are simulation results[18] 

 

The water-air-bubble mixed flow generated by 
bow wave breaking will further transport downstream 
and interact with the boundary layer flow near the 
midship. As mentioned above, the generation of 
water-air-bubble mixed flow at the model scale 
requires a high speed of ship model. The entrapped air 
bubbles are prone to rise under buoyancy and escape 
away from free surface. Therefore, it is difficult to 
study the evolution of water-air-bubble mixed flow at 
model scale. Johansen et al.[21-22] carried out valuable 
field observation studies. The bubble flow field 
around the Athena II ship was measured at full scale. 
A new technique for bubble measurement considering 
the probe size was used, the gas volume fraction, 
distribution of bubble velocity and size are obtained. It 
is found that the air entrainment is obviously 
enhanced with the increase of the ship speed. The 
average bubble velocity near the midship is slightly 
larger than the ship speed. The bubble velocity 
increases with depth and decreases inside the 
boundary layer. Near the free surface, the average 
bubble size is larger. Small bubbles will be 
transported along the hull bottom, which enter the 
transom flow. Some scholars[23] has proposed the 
phenomenological air entrainment model to predict 



 

 
 

the bubbles around the surface ship based on the field 
observation. They studied the location and rate of air 
entrainment, discussed the differences of bubbly flow 
charac- teristics between straight ahead and turning 
motions. The numerical studies provide a basis for 
better understanding the physical processes of the 
interaction between water-air-bubble mixed flow with 
a surface ship. Since the number of entrapped air 
bubbles near the midship is very large, the accurate 
numerical prediction with prevalent interface capture 
method is nearly impossible. Therefore, the 
polydisperse two-fluid approach[24] seems to be a 
better choice in the analysis of the distribution and 
evolution of large-scale water-air-bubble mixed flow. 
    Behind the stern, the large-scale bubbly wake is 
the main concern, which is usually affected by the 
significant flow separation and disturbance of the 
propeller motion. In terms of field observation studies, 
some scholars focus on the large-scale features of 
wake. Peltzer et al.’s[25] early observations of wake 
flow behind the high-speed ships show the surface- 
active films generated by the passage of a surface ship 
will exist tens of kilometers downstream. Sonar 
technology can be used to obtain the shape of bubbly 
wake[26-27]. Soloviev et al.[26] used three-dimensional 
sonar technology to carry out the field observations on 
a vessel in the inland waterway, analyzed the 
difference of bubbly wake generate by free surface 
breaking and propeller rotation. The bubbly flow 
structures larger than centimeter scale can be 
reproduced as Fig. 5 presented. 
 
 
 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Fig. 5 (Color online) three-dimensional sonar view of the bu- 
bble cloud around hull and in the far-field wake[26] 

 

    The behavior of water-air-bubble mixed flow is 
highly correlated with the stern shape. Many scholars 

investigated the wake characteristics with the model 
test of a high-speed transom stern[28-30]. Shen et al.[28] 
used digital particle image velocimetry (DPIV) to 
measure the bubbly wake characteristics behind the 
different ship models. The two-phase turbulent flow 
field, including flow structures and turbulent statistical 
characteristics are analyzed in detail. The Naval 
Surface Warfare Center of United States has carried 
out high-speed towing tests of a large-scale transom- 
stern[29-30]. Several experimental techniques (e.g., 
high-speed photography, underwater videography, 
void fraction probes) are employed to depict the 
characteristics of water-air-bubble mixed flow from 
the perspectives of spatial distribution of void fraction, 
bubble number density and size distribution. The 
influence of towing speeds was also analyzed. 

For the numerical researches, the unsteady 
Reynolds averaged[31] or large eddy simulation 
(LES)[32-33] have been used in the simulation of bubbly 
wake. Hendrickson et al.[32] present high-resolution 
implicit large eddy simulation (ILES) of turbulent 
bubbly wake behind three-dimensional transom sterns 
and the results have shown a similarity in the presence 
of shear layer region between the wake flow and 
canonical hydraulic jumps[34-38]. However, the 
presence of transom stern increases the complexness 
of two-phase flow phenomena and the flow features 
differs from a supercritical hydraulic jump[35, 39-40]. 
They have depicted flow structures in the mixed 
region and quantify the large-scale air entrainment 
behavior in the wake. Furthermore, a simple, regional 
explicit algebraic closure model for the turbulent mass 
flux (TMF) is developed based on high-resolution data 
of incompressible highly variable density turbulence 
(IHVDT) in the near surface mixed-phase region[33]. 
As the traditional fixed mesh refinement strategies 
require demanding computational cost even on 
high-performance computers (HPC), adaptive mesh 
refinement method[41-44] combined with high-order 
convection schemes[45] and high-robustness mass- 
momentum consistent advection algorithm[46-49] has 
been successfully used in the simulation of bubbly 
wake behind the transom stern as Fig. 6 presented. 
The multi-scale entrapped bubbles are mainly 
distributed in two regions: Near the wake centerline 
and the location where diverging wave breaks[50]. Also, 
the bubble size distribution follows well a canonical 
power-law[51-54] in Fig. 7 proves that the turbulent 
break-up is dominant for the bubbles formation. 
 
 
2. The effect of water-air-bubble mixed flow on 

ship resistance 
    The traditional method for resistance prediction 
is based on the model-scale experimental test or 
numerical simulation. Then the measured resistance is 



 

 
 

converted to full-scale according to empirical 
formula[55]. In traditional theory, the ship resistance 
can be divided into wave resistance, friction resistance, 
and viscous pressure resistance. The two-dimensional 
and three-dimensional method are established and 
extensively applied to predict the ship resistance. 
Some empirical coefficients (e.g., Cf , Ca ) should 
be included in the conversion formula considering the 
full-scale effect. These empirical coefficients which 
are employed to modify the resistance contain three 
kinds of unclear effects: Scale effect, the effect of 
physical phenomenon that cannot be reproduced in the 
model test (e.g., the effect of wind velocity and hull 
roughness) and the coupling effect between different 
components of resistance. The water-air-bubble mixed 
flow around the ship is one of the typical problems of 
the second category. As shown in Fig. 8, under similar 
Froude number, there is almost no water-air-bubble 
mixed flow generated near the model[7, 56-57]. However, 
the white water-air-bubble mixed flow can be clearly 
identified around the full-scale ship. Therefore, the 
added drag induced by large-scale water-air-bubble 
mixed flow cannot be accurately considered in the 
current theory for resistance prediction, which also 
becomes one of the bottleneck problems in the design 
of high-speed ship. 
 
 
 

 

 

 

 
 
 
 
 
 

Fig. 6 (Color online) High-fidelity simulation of the bubbly 
wake behind a high-speed transom stern[50] 

 
 
 

 

 

 

 
 
 
 
 
 
 
 
 
 

Fig. 7 (Color online) The size distribution of bubbles in the 
bubbly wake flow[50] 

 
 
 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8 (Color online) Comparison between the free surface flow 

field around the ship with model-scale (a) and full-scale 
(b) 

 
The effect of water-air-bubble mixed flow on the 

ship resistance can be considered from different as- 
pects. The generation of water-air-bubble mixed flow 
is accompanied by obvious momentum and energy 
transfer processes. The energy is initially transferred 
from the sailing ship to the surrounding fluid during 
the impact. As the water-air-bubble mixed flow is 
generated, the energy is successively transferred from 
the bulk volumes of water to the numerous droplets 
and bubbles. Therefore, small-scale bubbles or dro- 
plets can persist for a long time in the multi-phase 
mixed flow. The conversion of energy mainly consists 
of three parts: Firstly, the wave run up along the hull, 
which is followed by the overturning break of bow 
wave and subsequent splashing[58-59]. The elevated 
wave front and liquid splashing has large gravitational 
potential energy. Secondly, many entrained bubbles or 
splashing droplets move at high speed. Therefore, an 
appreciable portion of initial energy is converted to 
the kinetic energy. Thirdly, the original continuous 
water-air interface is broken into liquid (or air) 
filaments and numerous droplets (or bubbles), which 
significantly increase the surface energy. Except for 
the conversion between different components of 
energy, energy dissipation during to viscous effect and 
turbulence is also considerable and should not be 
ignored. The energy dissipation and conversion 
caused by the water-air-bubble mixed flow will lead 
to the increased ship resistance and fuel con- 
sumption. 

Although there have been lots of experimental 
and numerical studies of the free-surface flow around 



 

 
 

a surface-piercing structure[60-64], corresponding 
studies on the energy analysis especially for the 
water-air-bubble mixed flow around ship are rarely 
seen in the published literatures. Since the water-air- 
bubble mixed flow is mostly generated by the wave 
breaking process in different regions, studies related 
to wave breaking[59, 65-66] can be used for reference. 
The wave-breaking is responsible for the enhancement 
of energy dissipation and turbulent mixing near free 
surface[59, 67]. In the early stage of breaking, the energy 
of surface wave is lost due to gas entrainment and 
turbulent mixing. According to laboratory observa- 
tions[67], about 40% of the total wave energy is lost 
during the breaking process, in which 30%-50% is 
converted to the bubble clouds to overcome the 
buoyancy. Hoque and Aoki[68] theoretically studied 
the physical mechanism of air bubble entrainment and 
the energy variation in wave breaking. It is found the 
dissipation of potential and kinetic energy are highly 
correlated with air bubbles entrainment. 

Because of the difficulties in capturing and 
tracking moving bubbles or droplets (with deforma- 
tion) in experiment, numerical simulation based on 
CFD has become prevalent in the analysis of energy 
dissipation[59, 69-71]. Liu et al.[65] summarized recent 
advances in the simulation of breaking waves and 
corresponding energy dissipation process. The total 
energy E  is usually decomposed into three com- 
ponents according to Refs. [71-74]: 
    The kinetic energy 
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    The gravitational potential energy 
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    The surface tension potential energy 
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where  is the surface tension coefficient, L  is the 
arc length,  is the wave length, w  represents the 
liquid density.  Fig. 9 shows the time evolution of 
different components of energy. As shown in Fig. 9(a), 
the total energy kE (□) shows an abrupt decrease 
during the first wave period owing to a large amount 
of the dissipated wave energy. An exponential 
function 0= e tE E  can be well fitted for the 
decaying of total energy, where  and 0E  repre- 
sents the decay rate and initial wave energy per unit 

width of the wave crest respectively. In the first few 
wave periods, the gravitational energy ( ) has been 
dissipated completely, while the kinetic energy (o) can 
remain for a longer time. The surface tension potential 
energy (◇) occupies very little of the total dissipated 
energy (less than 8%), which is similar to Iafrati’s 
investigation[75]. Therefore, the effect of surface 
tensional force could be neglected in this case. 
Relevant studies on the energy dissipation in wave 
breaking provide valuable information for the analysis 
of energy conversion and dissipation in bow wave 
breaking. 
 
 
 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9 (Color online) Numerically predicted energy dissipation 

as a function of time. (a) Time evolution of wave 
energy[59], (b) Total wave energy, kinetic energy, and 
gravitational potential energy as a function of time[66] 

 
In terms of ship resistance, some scholars have 

carried out relevant studies on the added resistance 
due to bow wave breaking. Hong et al. established a 
formula to calculate the radiant energy of a three- 
dimensional ship hull with speed and analyze the 
wave-induced added resistance for three types of ships 
under different conditions in detail. The studies 
provide effective means for the prediction of added 
resistance of ships in wave with small amplitude. The 



 

 
 

CFD method based on RANS equations has been 
widely used to investigate the added resistance of 
ships in wave with large steepness[76-78]. The results 
show that the added wave resistance present strong 
nonlinearity due to the free surface breaking at the 
wave crest. Current studies on added resistance in 
wave mainly focus at model scale and low sea state, 
the measured added resistance usually accounts for 
10%-30% of the resistance in still water, indicating 
that wave added resistance is closely related to the 
water-air-bubble mixed flow. However, the com- 
ponent of water-air-bubble mixed flow and its effect 
on the ship resistance cannot be clearly explained and 
analyzed quantitatively in these studies. Besides, 
water-air-bubble mixed flow may also affect the 
frictional resistance due to the interaction with 
boundary layer flow[22], which need to be further 
studied and illustrated. 
 
 
3. The effect of water-air-bubble mixed flow on 

propeller performance 
For a sailing ship in the ocean, the wave breaking 

in the near-field wake flow and free surface defor- 
mation caused by vortical flow behind the stern will 
result in both significant air entrainment underwater 
and sweeping down of bubble clouds. Therefore, the 
wake flow field around the propeller contains multi- 
scale bubbles, which will affect the performance and 
efficiency of the propulsion system. The open-water 
tests[79-80] and traditional CFD methods have been 
widely applied to predict and analyze the propulsive 
performance[81]. These studies focused on the 
performance of the propellers and did not consider the 
wake flow behind the ship. When considering the 
interaction between the hull and propeller, the wake 
flow characteristics is quite different, which directly 
affect the pressure and velocity distribution of 
propeller. The effect of wake is usually considered by 
the modification of empirical coefficients. Researchers 
have also performed studies on the hydrodynamic 
behavior of propeller in viscous wake[82-83]. Pereira et 
al.[82] presented an experimental study of a propeller 
operating in a non-uniform inflow field. The 
non-uniformity of the wake downstream of a hull is 
considered by placing an array of plates as Fig. 10 
showed. The pressure, noise and cavitation extension 
around the propeller is further studied, which could 
help to develop a model to predict the pressure 
fluctuations more accurately. Ge et al.[83] performed 
numerical study of cavitation and hull pressure pulses 
induced by a marine propeller operating in behind-hull 
conditions (model scale). The main focuses are the 
generation of tip vortex, tip vortex cavitation and the 
induced pressure pulses, which has been discussed in 
detail. 

 
 
 

 

 

 

 
 
 
 
 
 
 
 
 
Fig. 10 The non-uniform wake generator in experiment[82] 
 

More complicatedly, several authors[84-85] also 
analyzed the propulsion characteristics and separated 
flow field around the propeller considering the effect 
of complex ship 6-DOF motion and hull-propeller- 
rudder coupling. Although there have been consi- 
derable improvements in the prediction of propulsive 
performance, the wake flow in real conditions 
(full-scale) is not reproduced well both in experi- 
mental and simulation. One of the important reasons is 
that the effect of water-air-bubble mixed flow behind 
the stern is not included in the prediction method. 

The multi-scale bubbles in water-air-bubble 
mixed flow near the stern is prone to cluster near the 
propulsion system, their effects on the propeller 
include two main aspects. Firstly, the sweeping down 
of numerous bubbles increase the non-uniformity of 
wake behind the hull, which will affect the propulsion 
performance. Some scholars have studied the open 
water test for propeller based on the circulating water 
tank and CFD results[86-87]. The propeller open water 
characteristics (e.g., thrust ratio 0/KT KT , torque 
ratio 0/KQ KQ , propeller efficiency ep/ep0) were 
measured with and without air bubbles relatively (Fig. 
11). As showed in Fig. 11, the thrust ratio, torque ratio 
and propeller efficiency are all tend to decrease when 
the volume of air injected into the water increased. 
The loss of thrust and efficiency will be more than 5% 
and 1% respectively when the void fraction is more 
than 1%. Besides, the propeller pressure fluctuation on 
the blade is also correlated with the injected bubbles. 
The fluctuation is nearly twice as high as the case 
without bubbles if the average void fraction in the 
propeller disk is more than 0.2% as showed in Fig. 12. 

Although the authors have concluded that the air 
bubbles mixing has little effect on the propeller 
performance both at model scale and full scale[87], the 
investigated module carrier is a typical vessel with 
wide breath and shallow draft. Therefore, the amount 
of air bubbles flowing into the propeller is quite small  



 

 
 

and the position of bubble flow is above the propeller 
shaft as showed in Fig. 13. The complex motion of 
ship and enhanced air entrainment behind high-speed 
ship (e.g., a ship model with a transom transom[21, 88]) 
will obviously increase the penetration depth and 
injected volume of bubbles, the thrust and efficiency 
loss may not be neglected anymore. Advanced theory 
or method based on CFD or EFD results is necessary 
in the future to obtain a more precise prediction of 
propulsion performance considering the effect of 
large-scale water-air-bubble mixed flow. 
 
 
 

 

 

 

 
 
 
 
 
 
 
 
 
 
Fig. 11 (Color online) The effect of air bubbles on the propeller 

performance[86] 
 
 
 

 

 

 

 
 
 
 
 
 
 
Fig. 12 (Color online) The effect of air bubbles on the propeller 

pressure fluctuations[86] 
 

On the other hand, the injected bubbles will 
change the local pressure on the blade, which also 
affect the cavitation characteristics of the propeller. 
According to previous studies[89-91], the air content is 
highly correlated with incipient cavitation number. 
With the increase of the bubbles number and extent of 
aeration, the sound speed will be much less than that 
in single-phase water[92-93] and cavitation load on the 
solid surface will also decrease[94]. The cavitation 
number will increase[95] and the diffusion of gas will 
be promoted, which increases the gas content in the 
cavitation bubble and decrease the collapse pressure. 

Zhang et al.[91] believed that the strong interaction 
between the existed air bubbles and cavitation bubbles 
may change the direction of re-entrant jets and 
decrease the velocity of micro-jets. The collapse time 
will increase and thus the shock wave pressure and 
peak load will decrease. However, other studies think 
that the air bubbles will promote the formation and 
growth of large-scale cavitation bubbles, decrease the 
cavitation number. Until now, a universal and con- 
vincing understanding of the effect of air bubbles on 
the cavitation has not been proposed, which need to be 
further studied. 
 
 
 

 

 

 

 

 

 
 

 
 
 
 
 
 
 
 
 
 
Fig. 13 (Color online) The bubble flow position (top row) and 

the open-water test of propeller in bubbly flow (bottom 
row)[87] 

 
 

4. The effect of water-air-bubble mixed flow on the 
sea-keeping 

In this section, we consider the influence of 
water-air-bubble mixed flow on the sea-keeping 
performance of ship. We are mostly concerned about 
the slamming characteristic caused by the violent 
impact between the ship and water-air-bubble mixed 
flow (Fig. 2(c)). This process involves the mechanic 
behavior with a large span of spatial and temporal 
scales, which brings great challenges for the experi- 
mental and numerical analysis[96]. Traditional studies 
provide valuable insights into the kinetic and dynamic 
characteristics of ship slamming. However, people 
mainly care about the motion and stability of ship in 
wave, the distribution of extreme loads and structural 
strength. Relevant studies considering the effects of 
water-air-bubbles mixing on slamming characteristics 
especially for discerning the physical mechanisms are 
rarely found. 

In the previous experimental studies, vertical 



 

 
 

wall is usually placed on the deck of ship model to 
mimic the deck structures and study the water- 
shipping event[97]. As showed in Figs. 14(a), 14(b), 
significant wave breaking and droplet splashing 
occurs due to the interaction of the shipped water with 
the vertical structure. Lafeber et al.[98-99] simplified the 
problem as the impact of breaking wave on a vertical 
wall structure and conducted a comparative analysis 
of the flow structure and impact pressure at large- 
scale and full-scale. It is found that the Froude-scaled 
measured pressure at different scales is not consistent 
due to the scale effect caused by water-air-bubble 
mixed flow. The authors have attributed the difference 
to the un-scaled development of building jets and 
compressible entrapped air[99], which has significant 
effects on the amplitude of local pressure peak and 
global force. The entrapped air cavities generated by 
the overturning break of wave front will alleviate the 
violent impact and reduce the pressure peak, which is 
well known as the “air cushion effect” in the water 
entry[100-103]. However, the evolution of entrapped air 
in the green water presents different behaviors, the 
high-pressure region will be generated by the gas 
entrainment and non-linear interface fragment, re- 
sulting in multiple pressure peaks on the impact point. 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 
 
 
 
 
 
 
 
 
Fig. 14(a) The photographs at two subsequent instants during 

the interaction of the shipped water front with the 
vertical wall structure[97] 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 
 
 
 
 
 
Fig. 14(b) The evolution of the water-shipping evolution[97] 
 

In recent years, scholars have carried out a series 
of EFD and theoretical studies on the water-air-bubble 
mixed flow in the wave slamming[104-109]. The gene- 
ration of spray-clouds and associated flow kinematics 
in the breaking wave impact on a fixed flat plate and 
bow-shaped models are both investigated in detail. 
They have depicted the important stages of wave- 
impact spray phenomena in Fig. 15. Firstly, the wave 
impact on the bow, the running-up of wave front and 
subsequent overturning create the water sheet. As the 
water sheet break-up into liquid films and big droplets, 
the secondary break-up will also happen. Finally, a 
spray cloud containing multi-scale droplets is formed, 
which will disperse under the wind and impact on the 
deck structure. 

In the experiments, the bubble image velocimetry 
(BIV) method is employed in the highly aerated re- 
gions to measure the wave run-up velocity and digital 
particle image velocimetry (DPIV) method is used to 
measure the droplets size and velocity to clarify spray 
characteristics[106]. Theoretical models are established 
and developed step by step to predict the breakup and 
trajectories of droplets[109], droplet size/velocity distri- 
bution[105] and the final average droplet size within a 
spray cloud[107]. The spray characteristics obtained by 
the numerical solutions are consistent with previous 
field observations[110]. Smaller size droplets have a 
higher velocity than the medium and large droplets 
while they cannot reach the maximum spray heights 



 

 
 

due to the drag force[106]. 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
Fig. 15 The schematic diagram of the wave-impact spray pheno- 

mena[108] 
 

For numerical studies, CFD method based on 
Navier-Stokes equation combined with various inter- 
face capture method has been widely used to investi- 
gate the ship slamming characteristics. The simulations 
can reproduce the development of large-scale motion 
of wave and entrapped air cavity. However, due to the 
present limitation of computational cost, small-scale 
droplets or bubbles cannot be resolved well. Therefore, 
the accurate spray or break-up model is necessary to 
capture the complete evolution of spray-clouds and 
analyze their effects on the slamming characteristics. 
Besides, the surface tension[111-112], gas/liquid compre- 
ssibility[113-114] also plays important roles and should 
be carefully addressed in numerical model. The 
interface instability is highly correlated with surface 
tension, which may lead to drastic changes of geome- 
trical shape of free surface[112] and affect the local 
slamming pressures directly. The impact load will be 
reduced with increasing air volume fraction[115] and 
gas compressibility while the pressure peak is much 
larger when considering the liquid compressibi- 
lity[116, 119] as Fig. 16 showed. 

There have also been some meshless methods to 
deal with the slamming of marine object[120-122]. The 
method can reproduce the jet and splash phenomenon 
with smaller computational cost[120] (as Fig. 17 pre- 
sented). However, the difficulties in handling complex 
geometry and viscosity effects make it difficult to be 
applied to the study of large-scale sailing ships. 
 
 

5. The effect of water-air-bubble mixed flow on the 
ship maneuverability 

    As mentioned before, numerous bubbles in the 

water-air-bubble mixed flow will sweep down along 
the hull and cluster near the propulsion system, which 
will affect the dynamic behavior of hull-propeller- 
rudder. There are three main sources of the bubbles 
underwater: Bubbles transported from upstream 
generated by bow wave and shoulder wave breaking, 
bubbles which are entrapped underwater due to the 
large-scale vortical structures in the wake flow and the 
bubbles generated by propeller cavitation. It is 
difficult to study this problem through experiment due 
to the complex underlying physics and great 
challenges in measuring the instantaneous three- 
dimensional flow structures. Also, it is hard to 
reproduce the appreciable air bubbles mixing in the 
model-scale due to the scale effect. 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 
 
 
 
 
 
Fig. 16 (color online) Slamming pressure as a function of time  

for breaking wave against a vertical wall. Blue line and 
yellow line represent the results obtained by incompre 
ssible (Gerris[117-118]) and compressible methods respec- 
tively (Flux-IC[119]) 

 
    Therefore, numerical simulation becomes a 
valuable tool to investigate the effects of water-air- 
bubbles mixed flow on the ship maneuverability. The 
overset grid (Fig. 18) methods have presented great 
advantages in dealing with the large motion of 
multiple objects. Therefore, it has been widely used to 
investigate the problem of ship maneuver in  
waves[85, 124] as shown in Fig. 19. However, these 
studies didn’t consider the formation and evolution of 
multi-scale entrapped bubbles underwater. 



 

 
 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
Fig. 17 (Color online) The temporal evolution splashing jets du- 

ring the water entry of rigid circular cylinder. (a) Expe- 
rimental observation[123], (b) Numerical simulation by 
MPS method[120] 

 
 
 

 

 

 

 

 

 

 
 
 

Fig. 18 (Color online) The schematic diagram of the overset  
girds[85] 

 
To resolve the multi-scale bubbles in the wake 

flow, Drazen et al.[88] adopted a self-developed nume- 
rical flow analysis (NFA) solver for the large eddy 

simulation (LES) of incompressible two-phase 
flow[125-127]. The solver is based on the Cartesian grid 
system and a cut cell-typed immersed boundary me- 
thod is employed to implement the boundary condi- 
tions on the hull. The authors have presented 
high-fidelity simulation of water-air-bubble mixed 
flow behind a simplified transom stern as shown in 
Fig. 20, analyze the air entrainment behavior and 
two-phase characteristics[88]. However, the model is 
stationary and underwater propulsion system is not 
considered in the simulation. 
 
 
 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 19 (Color online) Numerical simulations of turning circle  
maneuver in calm water[124]. (a) Free surface elevation,  
(b) Vortical structures 

 
    Li et al.[31] have performed valuable numerical 
study of the bubbly wake during ship maneuvering 
(Fig. 21) based on the polydisperse two-fluid model 
combined with a single-phase level set method for 
interface capturing. The geometric model is the 
research vessel Athena R/V with two propellers and 
rudders. Sub-grid air entrainment model is included in 
the solution of Navier-Stokes equations[127] and the 
effect of compressible bubbles are also considered[128]. 
To improve the computational efficiency in the 
simulation of large-scale problems, several numerical 
strategies were developed for multiple dynamic 
behaviors of bubbles[129-130]. In the study, the bubble 
entrainment density and bubble transportation, size 



 

 
 

distribution and the effects of vortical structures are 
under full investigation. It is noted that the void 
fraction and maximum penetration depth of bubbles in 
the wake will increase during the ship turning as Fig. 
22 showed. Also, the ship maneuver enhances the 
bubble entrainment near the transom stern, resulting in 
more bubbles in the wake flow[31]. 
 
 
 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 

Fig. 20 (Color online) The water-air-bubble mixed flow behind  
the transom stern[88]. (a) Experimental observation, (b)  
Numerical simulation 

 
 
 

 

 

 

 

 

 

 
 
 

Fig. 21 (Color online) The trajectory of the ship during the ma- 
neuver[31] 

 
    Recently, some scholars preliminarily studied the 
effect of water-air-bubble mixed flow on the rudder 
force with experimental measurements and numerical 
simulation[131]. The results show that pulsating air 
bubbles will gather on the rudder surface, and their 
spatial distribution is correlated with the propeller 
rotation. The pulsating air bubbles aggravate the 
instability of rudder force, which may promote the 
rudder cavitation and reduce the rudder efficiency. 
 
 
6. Conclusions and future directions 
    The phenomenon of water-air-bubble mixed flow 

is commonly found around a sailing ship at full-scale, 
while it is hard to be reproduced at model scale. 
Studies on the bubbly wake and wave breaking for a 
high-speed ship model have provided valuable data 
for understanding the formation and evolution of 
water-air-bubble mixed flow. However, the number of 
entrapped bubbles (or spray droplets) and the intensity 
of water-air mixture is far below that of the full-scale 
case. Therefore, large-scale numerical simulation 
considering the effect of water-air-bubble mixed flow 
is required, which propose demanding requirements 
for the accuracy and credibility of the numerical 
model. 
 
 
 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 22 (Color online) The distribution of void fraction at di- 
fferent cross sections in the bubbly wake during the ship 
maneuver[31]. The four selected picture at typical instants 
are corresponding with the key point in Fig. 21 

 
In terms of the ship performance, the effect of 

water-air-bubble mixed flow is usually ignored in the 
traditional theory. However, with the urgent need of 
energy saving and emission reduction for sailing ships, 
the physical understanding and control of water-air- 
bubble mixed flow may provide a new way to over- 
come the problem. However, the current knowledge 
about the effect of water-air-bubble mixed flow on the 
ship performance is quite insufficient. Experiments or 
simulations based on simplified geometrical model 
present some qualitative conclusions. Quantitative 
results and systematic studies are in demand, espe- 
cially for the scale effect of water-air-bubble-mixed 



 

 
 

flow, the energy dissipation due to the motion of nu- 
merous bubbles/droplets, the cavitation of propulsion 
system in the presence of injected bubbles, slamming 
characteristics and the coupling of hull-propeller- 
rudder in bubbly/spray flow. 
    In the future, efficient means for understanding 
the physical nature of water-air-bubble mixed flow 
and their interaction with ship should be developed. 
People may consider the following points: 
    (1) With the rapid development of the HPC 
(high-performance computing) technologies, the com- 
plex fluid behavior in model-scale two-phase mixed 
flow can be reproduced well with high-resolution LES 
method, such as the wave breaking and near-field 
bubbly wake. The high-fidelity data provide a basis to 
better understand the mechanical nature of water-air- 
bubble mixed flow and develop a credible numerical 
model. However, the heavily computational cost 
limits its widespread use. Therefore, simulation with 
the adaptive mesh may be a better alternative, which 
can greatly improve the computational efficiency of 
massively parallel computations of two-phase mixed 
flow. 

(2) Since the water-air-bubble mixed flow is 
more significant at full-scale, the full-scale CFD me- 
thod that considering the dynamic behavior of 
multi-scale bubbles/droplets should be developed. The 
polydisperse two-fluid approach[24] has shown the 
potential in the analysis of large-scale features of 
water-air-bubble flow. However, the current sub-grid 
air entrainment model needs to be further validated by 
available EFD measurements or high-fidelity simula- 
tion. Some physical phenomenon that may be 
dominated for the behavior of small-scale flow 
structures, such as the non-uniform turbulent dissipa- 
tion near the wall boundary, surface tension effect, 
should be carefully considered. 

(3) For the prediction of ship performance, the 
consideration of water-air-bubble mixed flow bring 
great challenges both for numerical method and data 
analysis. For example, the study on the cavitation 
characteristics involves the phase transition, mass 
transfer between three phases (cavitation bubbles, 
entrained bubbles and liquid phase). The numerical 
model should describe the cavitation inception and the 
interaction with surrounding bubbles correctly. The 
relevant study of compressible multi-phase flow may 
provide some basic understanding for the develop- 
ment of physical model. 
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