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Summary

This paper presents a mixture-model based computational fluid dynamics (CFD)
simulation on the two-phase microbubble flow over the hull of a SUBOFF model, aimed at
assessing the roles of air-injection-to-freestream velocity ratio and air volume fraction in
microbubble resistance reduction. The numerical framework consists of the Reynolds-average
Navier-Stokes (RANS) equations and the standard & — ¢ turbulence model with standard wall
function treatment, which is validated, without microbubbles, by existing experimental data of
the same SUBOFF model. The effect of velocity ratio is then investigated by comparing
different types of the resistance reduction at various water speeds, and the effect of air volume
fraction on the friction resistance reduction is also studied with various air injection velocities.
This study confirms that both the velocity ratio and air volume fraction play important roles in
the microbubble resistance reduction phenomenon.
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1. Introduction

The pursuit of higher speeds in water has resulted in many vehicle performance
enhancement techniques. One of them is the introduction of an air film along vehicles to
reduce skin friction drag. Although reducing hull drag by air injection has been proposed for
many years, it still remains under exploited [1-6].

Latorre [7] briefly reviewed the application of bottom air film, as well as towing tank
and trial results. The extent of the performance improvement was illustrated in plots of power
versus speed. The results of systematic barge model and full-scale tests were used to reveal
the influence of air injection on the frictional resistance. It was shown that while the air
injection equipment added appendage drag to the barge hull, the bottom airflow resulted in a
net drag reduction of 15-18% in model tests and of 10-12% in full scale tests. The drag
reduction by the injection of microbubbles into a turbulent boundary layer was investigated
using an Eulerian two-fluid model by Mohanarangam et al. [8]. The simulated results were
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compared against the experimental findings by Madavan et al. [9]. The complex drag
reduction mechanism was examined and explained in context to their numerical results.
Special attentions were paid to the effect of bubble coalescence and break-up caused by
random collision and turbulence impact. Good agreements against experimental data were
obtained in terms of the skin-friction coefficients throughout various air injection rates.

For low- and medium-speed displacement vehicles, the most important component of
resistance is the frictional resistance. By reducing the frictional resistance, the total resistance
and fuel costs can be decreased significantly. The effect of air lubrication on the resistance of
an underwater vehicle was numerically investigated by Dogrul et al. [10]. The analyses were
performed by a commercial computational fluid dynamics (CFD) code. For their air
lubricated case, the coefficient of frictional resistance was calculated and compared with those
of ITTC’57 as well as the case without air lubrication. Skudarnov & Lin [11] used a two-
dimensional single-phase CFD model of microbubble-laden flow over a flat plate to assess the
role of mixture density variation in microbubble drag reduction. The model consisted of the
Reynolds-averaged Navier—Stokes (RANS) equations, the standard k—w turbulence model,
and a convection—diffusion species transport model. Performance of the model was validated
with existing experimental data and simulation results of more advanced multiphase two-fluid
models.

Ceccio [12] discussed the current existing applications of microbubble techniques on
underwater vehicles, and presented the underlying principles and recent advances of the
technology. Injection of air leads to the creation of a bubbly mixture near the vehicle surface
that significantly modifies the flow within the turbulent boundary layer. There had been
significant advances in the understanding of the underlying physical process of drag
reduction. The skin friction of the turbulent boundary layer in liquid flows may be reduced
when bubbles are present near the vehicle surface. Sanders et al. [13] presented some results
at the Reynolds number as high as 210 million from skin-friction drag-reduction experiments
for a flat plate. Skin-friction drag reduction was lost when the near-wall shear induced the
bubbles to migrate from the plate surface. This bubble-migration phenomenon limited the
persistence of bubble-induced skin-friction drag reduction to only the first few meters
downstream of the air injector in the experiments.

In this paper the roles of the air-injection-to-freestream velocity ratio and air volume
fraction in microbubble drag reduction are assessed via the mixture model based CFD
simulations of microbubble injection flow over the hull of a SUBOFF model at high Reynolds
numbers. The following sections give detailed description of the numerical framework and its
validation. The results of a parametric study on the effects of velocity ratio and air volume
fraction on drag reduction are presented and discussed.

2. Numerical framework

The microbubble flow is a two-phase flow consisting of microbubbles and water. Water
is a continuous flow, while the microbubbles are a dispersed flow. This two-phase flow
system can be treated as a single-phase mixture flow, which is able to reduce resistance by
changing the structure of turbulence boundary layer near the hull. The present numerical
framework consisted of the Reynolds-average Navier-Stokes (RANS) equations and the
standard k — ¢ turbulence model with standard wall function treatment. The mixture Eulerian
model is used to obtain the velocity and pressure distribution by solving the continuity,
momentum, and turbulence equations.
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The continuity equation:
Ou,

The momentum equation (Reynolds-averaged Navier-Stokes equation):
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In these equations u is the velocity, subscripts i and ; are 1, 2 or 3 representing x, y or z
components, respectively. x is the dynamic viscosity of water. G, is the generated

turbulence kinetic energy due to the mean velocity gradients, and G,, and G,, are constants.

To close the system of equations, the turbulent viscosity s, is introduced to replace the
last term of equation (2), which is given by [14]:
k2

t = )2 —
U, = pC (%)
&

where C,=0.09, G,, =144, G,, =192, 5,=1.0 ando, =1.3.
3. Results and discussion

3.1 Validation of numerical framework

Due to the very limited availability of experimental and simulation data for microbubble
based drag reduction, the present numerical framework is only validated by simulating the no-
bubble water flow around the bare hull DARPA SUBOFF, for which the experimental data
can be obtained. The main particulars of the DARPA SUBOFF used are specified in Table 1
[15-16].

Table 1 Main particulars of bare hull DARPA SUBOFF submarine

Description Symbol Magnitude Unit
Length of overall L 4.356 m
Length between perpendiculars L, 4.261 m
Maximum hull radius Rax 0.254 m
Centre of buoyancy (aft of nose) FB 0.4621L -
Volume of displacement \Y 0.708 m’
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Fig. 1 Computational domain and boundary conditions for the SUBOFF model

Fig. 2 Mesh on the fore body and aft body of the SUBOFF model
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Fig. 3 Distribution of y+ values along the hull of the SUBOFF model at U=3.34 m/s

Since the SUBOFF model has a symmetry plane, only a half of the hull is considered in
the simulation. As shown in Fig. 1, the inflow plane is located about L before the hull and the
outflow 2L after the hull. The width and height of the computational domain are 0.5L and L,
respectively. Hexahedral meshes containing approximately 1.1 million cells are constructed
using ANSYS ICEM. Fig. 2 shows the details of the mesh around the fore and aft bodies of
the SUBOFF model. The y+ value, defined as the non-dimensional wall-normal distance of
the center of the first cell from the wall, has been checked along the length of the SUBOFF
model after each simulation. As an example, the distribution of y+ for one case at freestream
velocity of 3.34 m/s is shown in Fig. 3. It is shown that most of the y+ values fall between 30
and 70, which satisfies the 30~100 requirement for the standard wall functions. The
inspection results indicate that the present turbulence simulations are trustworthy.

These results are compared against the experimental data from Crook [17] and Huang et
al.[18]. Fig. 4 shows that the resistance predicted by the CFD simulations is very close to the
experimental data and the simulations show pretty good predictions at a wide range of water
speeds. Also as shown in Figs. 5 and 6, although slight discrepancies at the bow and stern
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areas appear, the predictions of the friction and pressure coefficients are generally in good
agreements with the experiment data.
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Fig. 6 Pressure coefficients along the hull at U=3.34 m/s

3.2 Effects of velocity ratio V. and air volume fraction «

On the present SUBOFF model, air bubbles are issued circumferentially from a slot of
10mm width at the bow-body joint (x/L=0.233). Simulations are conducted to investigate the
effects of velocity ratio V. and air volume fraction & with water velocities of 3m/s, 8m/s and
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15m/s, which correspond to the Reynolds numbers Re = 1.30x10", 3.47x10” and 6.50x10",
respectively.
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Fig. 7 Injection of air bubbles from the SUBOFF model

The velocity ratio V. is defined as

y =—a (6)

where U, is injection velocity of microbubbles and U is the water velocity.

The resistance reduction rate is defined as

R—-R
n= 2 %x100% (7)
0
where R denotes resistance with microbubbles and R, without microbubbles. For friction
resistance, pressure resistance and total resistance, reduction rates 7,, 7, and 77, can be

defined respectively. As indicated in equation (7), 7 < 0 denotes resistance decreases while
17 >0 means that resistance gets an increase.
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Fig. 8 Reduction rates of total resistance against velocity ratio at different water velocities

As shown in Fig. 8, the total resistance of the SUBOFF model with microbubble can be
reduced as much as 55% at the velocity ratio of ¥, =0.2 and water velocity of U, =15m/s. It

first increases and then decreases as the increase of velocity ratio, and the peak of reduction is
at velocity ratios of about V. =0.2 ~ 0.3 for different water velocities.
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Fig. 9 Reduction rate of friction resistance against velocity ration at different water velocities

As shown in Fig. 9, the reduction of friction resistance increases as the increase of
velocity ratio, and the maximum reduction is about 70%. In addition, the change of the
reduction decreases as velocity ratio increases. The reduction becomes almost constant when
V_1is close to 1. It’s also found that higher water speeds result in higher reduction of the
friction resistance. The variation of pressure resistance shown in Fig. 10 reveals that, air
injection leads to the increase of pressure resistance at various water velocities in the present
study, with the exception in the region of V. <0.2 though.
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Fig. 10 Reduction rate of pressure resistance against velocity ratio at different water velocities

The influence of air volume fraction « on friction resistance reduction 7, is studied at

the water speed of U, =8m/s. Fig. 11 shows the profiles of « along the wall-normal distance
(W/Rax) at a station of the hull stern, under different velocity ratios. Obvious decrease of air
volume fraction with increasing the wall-normal distance is observed. The near-wall gradient
of air volume fraction profiles for cases of low velocity ratios (¥, <0.2) is so high that there
is little air in the flow at a wall-normal distance of only A#/R,,,,=0.05. Fig. 11 also shows that

for a given wall-normal distance, the higher the velocity ratio, the higher the air volume
fraction.
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Fig. 11 Air volume fraction profiles at a certain vertical profile above the hull stern (x/2=0.92)
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Fig. 12 Velocity profiles along wall-normal direction above the air inlet (x/L=0.233)
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Fig. 13 Velocity profiles along wall-normal direction at a station of the hull stern (x/Z=0.92)

The effects of velocity ratio on the velocity profiles at two streamwise stations are
shown in Fig. 12 (x/L=0.233) and Fig. 13 (x/L=0.92). As seen from the figures, the velocity
profiles with air almost concentrate at distances of A4/R,,=0.1 over the air inlet (x/L=0.233)
and /4/R,,,,=0.3 for hull stern profile (x/L=0.92). Lower velocity ratio results in higher velocity
gradients in the near-wall boundary layer, with the exception of zero velocity ratio.
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Fig. 14 Distribution of air volume fraction alone the hull at different velocity ratios

-110

P — X

RE=E =Xy L
-90 \D\_{F‘%}‘HD\\ﬂ\\{L—ﬂD\\D——{%~:iiiii_jiii:ii;k
=70 T I

@
< —— V=005
%50 T —o—Vr=0.1
—a— V=02
-30 T+ —o—Vr=0.5
—X— Vr=1.0

-10 f f f f f f

0.2 0.3 0.4 0.5 0.6 0.7 0.8
x/L

Fig. 15 Distribution of reduction rate of friction resistance alone the hull at different velocity ratios

The air volume fraction and friction resistance reduction alone the hull at different
velocity ratios are shown in Figs. 14 and 15, respectively. It is found that the variation of
reduction rate of friction resistance alone the mid body of the SUBOFF model
(0.233<x/L<0.745) follows the same trend as that of the air volume fraction. Both of them
gradually decrease along the flow direction. In addition, as shown in these two figures, higher
velocity ratio leads to higher air volume fraction and higher friction resistance reduction rate.

4. Conclusions

The CFD mixture model is applied to study the effects of air-injection-to-freestream
velocity ratio and air volume fraction on microbubble resistance reduction on a SUBOFF
model. After the numerical framework is validated, the study on the effect of velocity ratio to
resistance reduction is conducted. Results show that the total resistance reduction of the
SUBOFF model with microbubble increases first and then decrease as the increase of velocity
ratio. The peak of the reduction that is approximately equal to 55% is at the velocity ratio of
about V., =0.2~0.3. However, the reduction of the friction resistance increases with the

increase of velocity ratio, and the reduction rate becomes almost constant when the velocity
ratio is close to 1. Both the reduction gradients of the total resistance and of the friction
resistance at V. <0.2 are much higher than those at V. > 0.3 (shown in Fig. 8 and 9). The

variations of both the velocity profiles and air volume fraction profiles indicate that
microbubbles of different velocity ratios are able to change the boundary layer flow and result
in different resistance performance for the SUBOFF model. Since the variations of the friction
resistance reduction and of air volume fraction alone the mid body of the SUBOFF model
share similar trends, it is concluded that the near-wall air volume friction play an important
role in friction resistance reduction.
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