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Abstract: The blended-wing-body shape vehicle is a new type of water surface vehicle with a large square coefficient. The interference 

of the wave systems under a high speed condition is more significant for the blended-wing-body shape vehicle and the dynamic 

characteristics of the new type vehicle are very different from that of a traditional vehicle. In this paper, the implicit volume of fluid 

(VOF) method is adopted to simulate the wave resistance of the high speed blended wing body vehicle, and a semi-relative reference 

frame method is proposed to compute the maneuvering coefficients. The effects of the navigation speed, the drift angle and the rotating 

radius are studied. The dimensional analysis method is used to assess the influence of Fr  and /L R  on the results. The wave making 

resistance coefficient against the speed sees a large fluctuation because of the serious wave interference. The lateral rotation 

maneuvering characteristics under the surface navigation condition is nonlinear and more complex than under the under water 

condition, which is quite different to control. 

 
Key words: High speed, blended wing body vehicle, volume of fluid (VOF) method, semi-relative reference frame, wave making 
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Introduction

 

The dynamic characteristics are an important 

factor in the surface vehicle design. This paper 

focuses on the wave making resistance and the lateral 

control maneuverability. With the development of the 

computational fluid dynamics, the Reynolds averaged 

Navier-Stokes (RANS) method with consideration of 

the fluid viscous effects for ship wave problems is 

used more extensively than the theoretical and 

experimental methods. 
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The blended-wing-body (BWB) is an appropriate 

candidate for the aircraft shape
[1]

. Remarkable perfor- 

mance improvements of the BWB are shown over the 

conventional baseline, including a 15% reduction in 

the takeoff weight and a 27% reduction in the fuel 

consumption per seat mile
[2]

. The aerodynamic chara- 

cteristics were studied
[3-4]

. The effects of the spanwise 

distribution on the BWB aircraft aerodynamic effici- 

ency and the effect of the taking-off, the landing and 

the heavey rain were simulated
[5-6]

. The coupled 

aeroelastic/flight dynamic stability and the gust 

response of a blended wing-body aircraft were also 

studied
[7]

. Because of its high lift to drag ratio and the 

large interior space, the BWB shape finds a certain 

application prospect for the surface vehicle, such as in 

the manta ray propulsion system
[8-9]

. A small, fast, 

lift-type vehicle was proposed based on the simulation 

of the manta ray
[10-11]

. The method for free-surface 

flows calculation are also discussed in Refs. [12-13]. 

But for the industrial application of the vehicle, the 

wave making resistance and the lateral maneuvera- 
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bility remain to be issues to explore. At present, the 

common shape of a ship is a slender hull. The 

frictional resistance is about 70%-80% of the total 

resistance, the viscous pressure resistance accounts for 

more than 10% of the total resistance, and the wave 

resistance component is very small in the case of a 

low speed. But in a high speed ship, the wave 

resistance will increase dramatically, reaching 40%- 

50% of the total resistance
[14]

. With the development 

of the ship industry, the research of the wave 

resistance has a practical application value. 

In this paper, the dynamic characteristics of a 

small surface vehicle with a BWB shape are studied. 

The governing factors of the hydrodynamic charac- 

teristics are analyzed by the dimensional analysis 

method. The resistance and the control maneuve- 

rability characteristics are compared with those of the 

conventional ship. The implicit VOF method is 

adopted to simulate the wave resistance of the high 

speed BWB vehicle, and a semi-relative reference 

frame method is proposed to compute the hydrody- 

namic coefficients. The navigation speed, the drift 

angle and the rotating arm tank radius are computed to 

reveal the effect on the free surface hydrodynamic 

coefficients, to provide some reference for the 

simulation of the same type vehicle in the future. 

 

 
1. Mathematical models 

    The governing equations are the RANS equations. 

    The continuity equation is 
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    The momentum equation in an absolute frame of 

reference or in an inertial frame is 
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where   is the density of the fluid, t  is the time, 

U  is the absolute velocity of the fluid, f  is the 

body force per unit mass of fluid, p  is the pressure, 

  is the dynamic viscosity, δ  is the identity matrix, 

  represents the Hamilton operator and the supers- 

cript T  denotes the transpose of a matrix. 

    Because of the rotating movement of the vehicle, 

the Coriolis acceleration is involved and the rotating 

arm tank problem cannot be directly solved in an 

inertial frame. But if the frame of reference is built on 

the body of a vehicle, the vehicle will be at rest 

relatively all the time, thus the standard N-S 

momentum equation must be modified accordingly 

due to the difference between an inertial frame and a 

moving one. 

    The momentum equation in a body fixed frame 

of reference is given below, and more details are to be 

found in Ref. [15]. 
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(3) 

 

where ea  is the acceleration of the entrainment, ca  

is the Coriolis acceleration. 

    Compared with the momentum equation in an 

inertial frame, the added momentum sources in a body 

fixed frame of reference is 

 

= = [ + + ( ) +e cMS        a a V Ω r Ω Ω r  
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where V  and Ω  are the linear velocity and the 

angular velocity of the vehicle, respectively, rU  is 

the relative velocity, r  is the relative position vector, 

and a superscript dot is used to denote the derivative 

with respect to t . 

    The multiple reference frames (MRF) method is 

chosen in the FLUENT, the N-S equation in the MRF 

can be written as 
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    Compared with the N-S equation in an inertial 

frame, the added momentum sources can be expressed 

as 

 

= [2 + ( )]rMS    Ω U Ω Ω r
                                

(6) 

 

    Under the condition of the rotating arm test, the 

linear velocity of the vehicle = 0V , the angular 

velocity const = constantΩ , Eq. (3) becomes the 

same as Eq. (5). Thus the MRF method is equivalent 

with the body-fixed frame method. 

    A semi-relative reference frame method in this 

paper combines the rotating reference frame and the 

added momentum source method. The computational 

domain is separated into two parts, for one part the 

rotating reference frame is adopted and the other part 

is in an inertial frame. The center of rotation is the 
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moment center. 

    The added momentum sources are given below, 

and the more details are to be found in Ref. [16] 

 

0= ( )   Ω Ω R
                                                   

(7) 

 

0R  is the rotating radius. 

    Provided that the frame of reference is fixed at an 

arbitrary point in the vehicle and the absolute velocity 

of an element of fluid is 

 

= +r eU U U , = +e U V Ω r
                                   

(8) 

 

In this equation, eU is the velocity of the entrain- 

ment. 

    Since the absolute velocity of an element of fluid 

is zero far away, the relative velocity at the inlet then 

is 

 

inlet = ( + ) U V Ω r
                                                    

(9) 

 

Under the initial condition, the whole fluid domain is 

separated into two parts. The domain above the 

submerging line is called the air field. The volume 

fraction of the air is set to 1. The pressure above the 

submerging line is set to 0. The domain under the 

submerging line is called the water field. The volume 

fraction of the air is set to 0. The pressure distribution 

of the water domain under the submerging line is 

related to the distance to the free surface. The value of 

the pressure is determined by the function d w hP g  . 

w  is the density of water, g  is the acceleration of 

gravity, and h  is the distance from any of the water 

field to the free surface. 

 

 

2. VOF method 

    The VOF method is used to simulate the free 

surface of the vehicle. In order to track the interface 

between the air and the water, the transport equation 

of the volume fraction of the water phase is solved
[17]
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where w  is the volume fraction of the water. The 

water volume fraction and the air volume fraction a  

satisfy the following equation 

 

+ =1w a 
                                                                

(11) 

 

    At each control volume, the density and the 

viscosity of the mixture are calculated by the volume 

fraction average: 

 

= +m w w a a    
                                                     

(12) 
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3. Computational model and meshing 

    The vehicle has a small length width ratio of 1.5. 

The ratio of the vehicle length to the height is 4. The 

vehicle is in a symmetric shape. The ratio of the sea 

gauge to the height of the vehicle is 0.86 under the 

surface navigation condition, which is treated as a 

constant in this paper. The side view of the vehicle is 

shown in Fig. 1. The grid generation includes the 

surface meshing, the boundary layer meshing, and the 

volume meshing. The elementary requirements for the 

surface meshes are the smoothness, the orthogonality, 

and the uniformity. The most important point is that 

the surface meshes must exactly capture the chara- 

cteristics of a given geometry. In order to capture the 

free surface and the blended wing body vehicle 

complex shape, a hybrid mesh is adopted as shown in 

Fig. 1. The meshes near the vehicle are unstructured 

such as the tetrahedral, the prismatic and the 

pyramidal. 

 

 

 

 

 

 

 

 

 
 

Fig. 1 (Color online) The computational mesh 
 

    To investigate the sensitivity of the results to the 

grid resolution, three sets of grids are used with 

3.010
6
, 3.510

6
 and 4.010

6
 nodes, respectively (as 

shown in Fig. 2). The grid densities on the surface 

vary while the heights of the boundary layer prim cells 

are fixed among the meshes. 

    A comparison of the direct resistance of the 

vehicle is shown in Table 1. The inlet velocities in 

various cases are 8 Kn, 16 Kn, respectively. It is 

indicated that the direct resistance of the vehicle 

reaches a convergent value with the increase of the 

mesh refinement. The differences between the 

medium and fine meshes can be accepted. Thus, the 

medium mesh with about 3.510
6
 cells is selected as 

the final grid. 
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Fig. 2 (Color online) Grid-independent verification for vehicle 
 
Table 1 Comparison of direct resistances of the vehicle 

V /Kn 

Computational values /kN 

Coarse mesh 

(3.0106 cells) 

Medium mesh 

(3.5106 cells) 

Fine mesh 

(4.0106 cells) 

8 20.4 19.8 19.2 

16 48.2 42.4 40.0 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 3 The computational domain 

 
    The computational domain can be a cube or a 

cylinder, which is separated into two parts, in one part 

the rotating reference frame (the cylinder part) is 

adopted, and the vehicle is located in this part, in 

which the rotating center is the moment center of the 

vehicle (as shown in Fig. 3). The added momentum 

source in this part is as shown in Eq. (7). In the other 

part, an inertial frame is adopted. The velocity 

condition is applied for the inlet boundary, and the 

SST -k   turbulent model is adopted to simulate the 

turbulent flow. The remaining boundaries are set as the 

zero average static pressure outlet boundaries. It is desi- 

gnated that the water is the first phase while the air is the 

second phase. The density of the water is 1 025.91 kg/m
3
, 

the viscosity coefficient is 0.0012 kg/ ms. The density 

of the air is 1.23 kg/m
3
. The transient calculation is 

performed by using the explicit VOF method with the 

geometric reconstruction method to capture the rough 

shapes of the free surface for about 1 000 steps. Then 

the steady state calculation is continued with the 

implicit VOF method until a convergent state is 

reached. The PISO scheme is adopted in the 

pressure-velocity coupling method to combine the 

continuity and momentum equations together and 

calculate the pressure. The pressure staggering option 

(PRESTO) is selected for the pressure interpolation, 

and the second order upwind scheme is used for the 

vapor volume fraction transport equation. 

 

 

4. Results and discussions 

    The dimensional analysis method is used to 

analyze the results. The resistance of the vehicle 

consists of three parts: the viscous resistance, the 

pressure resistance and the wave making resistance. 

The main parameters are the navigation speed V , the 

angle of attack  , the drift angle  , the chara- 

cteristic length L , the volume of displacement D , 

the fluid density  , the fluid viscosity  , the 

acceleration of gravity g  and the radius of gyration 

R . The dependent variable is the surface pressure. 

    Then the related function is expressed as 

 

= ( , , , , , , , , )P f V L D g R   
                                 

(14) 

 

where V , L ,   are chosen as the fundamental 

quantities. Thus the dimensionless expression is 
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In this equation, = /Fr V gL  is the Froude number, 

which represents the gravity effect. = /Re VL   is 

the Reynolds number, which represents the viscosity 

effect. From the dimensional analysis on the resi- 

stances in the Ref. [18], it is indicated that both the 

Froude number and the Reynolds number obtained 

from modeling experiments should be equal to the 

corresponding dimensionless quantities in the proto- 

type in small-scale modeling experiments. But we 

cannot have the same Fr  and Re  at the same time 

in practice. Compared to the influence of the Froude 

number, the influence of the Reynolds number on the 

flow around the vehicles can be ignored when the 

Reynolds number is larger than 10
6
. The speed of the 

vehicle in this paper is varied from 4 Kn to 20 Kn. 

The Reynolds number is about 10
7
. So the influence 

of the Reynolds number is ignored in this paper. 

    Thus, when the shape and the operating condition 

of the vehicle are fixed, the dimensionless parameters 
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can be simplified as 
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(16) 

 

Next, the influence of Fr and /L R  on the vehicle 

hydrodynamic will be discussed in detail. 
 

 

5. The influence of Froude number Fr  in the  

  direct cruise condition 

    The influence of the Froude number can be 

analyzed under the direct cruise condition, in order to 

neglect the effect of the turning radius. The variation 

of the pressure resistance coefficient is shown in Fig. 

4, where 2 2= (1/ 2 )d p d pC F V L   and d pF   is the 

pressure drag. In Fig. 4, the black line represents the 

pressure resistance coefficient distribution under the 

underwater condition, in which the influence of the 

free surface is neglected. So, d pC   is independent of 

the Froude number. For the surface navigation, its 

pressure resistance coefficient against the Froude 

number (the solid line, as shown in Fig. 4) is in a 

significant fluctuation distribution. The ratio of the sea 

gauge to the height of the vehicle is 0.86 under this 

condition. In fact, the effect of the Froude number on 

d pC   depends on the depth of the vehicles below the 

water surface. The pressure resistance coefficient 

distribution also varies with the state of submerging. 

The pressure variation difference between the under- 

water and surface navigations is mainly due to the 

wave making resistance, consisting of three parts: the 

wave resistance at the head of the vehicle, the 

interference wave resistance of the vehicle body with 

the head wave, and the scattered wave resistance. The 

wave making resistance coefficient reaches a valley 

value when = 0.3Fr  and a peak value when =Fr

0.5 . 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4 The pressure resistance coefficient variation against  

     Froude number 

 

    The flow characteristics in the cases of  these 

two Froude numbers will be considered. Figure 5 

shows the dimensionless wave height distribution of 

the blended wing body vehicle. An iso-surface is esta- 

blished in the whole domain, and the volume fraction 

of the air is 0.5. The line located at the central axis of 

the iso-surface is used to reveal the wave profile. In 

Fig. 5, L  is the vehicle body length, H  is the wave 

height, and x  is the position in the flow direction. 

The lines represent the wave profile distributions for 

different Froude numbers. As seen from the graph, the 

interference effects on the position of the stern at 

= 0.3Fr  are quite different from that at = 0.5Fr . 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 5 The dimensionless wave height distribution 
 

    The contours of the height of the water surface 

are shown in Fig. 6. The colors represent the heights 

of the water surface. There are obvious wave troughs 

in the tail of the vehicle (as pointed by the arrow in 

Fig. 6). The wave height distribution agrees well with 

that in Fig. 5 (the circle part). 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 6 (Color online) The contours of the height of the water  

     surface at = 0.5Fr  

 

    Figure 7 is the comparison of the streamline dis- 

tribution. At = 0.3Fr , the wave height distribution is 

straight at the stern of the vehicle (as shown in Fig. 

7(a)), because the bow wave troughs counteract the 

stern wave crest, reducing the wave resistance. And 

the wave resistance is enhanced at = 0.5Fr  (as 

shown in Fig. 7(b)), where both the wave crests 
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overlay each other, inducing a large wave elevation. 

 

 

 

 

 

 

 

 

 
 

Fig. 7 Comparison of streamline at = 0.3Fr , = 0.5Fr  

 

    The extreme value of wave resistance can also be 

predicted by the P  theory. The peak point is related 

to the navigation speed, the vehicle length and the 

prismatic coefficient. The function can be expressed 

as = ( , , )pmL f L C , where mL  is the superposition 

wave making length,   is the initial wave length, 
2= 2 gV  , pC  is the prismatic coefficient of the 

vehicle, and L  is the length of the vehicle. 

    The distance between the first wave crest and the 

stern wave trough of the vehicle can be expressed as 

pC L . So the superposition wave making length is 

= + 3/4pmL C L  . The wave length can be divided 

into n integer waves and q fraction waves, =mL

+n q  . Then, / = ( + ) 3/ 4pC L n q  . =P

/ pC L  is introduced to analyze the peak point. 

Detailed derivation can be found in Ref. [19]. For this 

blended wing body vehicle, the wave crest is at 

=1.15P  (for = 0.3Fr ) and  the wave trough is at 

= 2.00P  ( for = 0.5Fr ). The calculated results of 

the wave resistance peaks agree well with the 

numerical computation results. 

    Because of the low length-width ratio, much 

stronger transverse waves are generated by this kind 

of vehicles than the general surface ship with a slender 

body. In addition, the wave length is close to the body 

length, so there is a strong interference between the 

bow wave and the stern wave. Thus in summary, the 

variation range of the resistance against the speed is 

remarkably larger than that of an average ship, and an 

appropriate navigation speed is very important for 

energy saving. 
 

 

6. The influence of /L R  under the turning condi-  

  tion 

     Figure 8 represents the yaw moment coefficient 

against /L R  of the vehicle under the underwater 

condition, while Fig. 9 represents that under the 

surface navigation condition. 2 3= /(0.5 )NC N V L  is 

the yaw moment coefficient, /L R  is the ratio of the 

characteristic length of the vehicle to the radius of 

rotation. Under the underwater condition, the yaw 

moment coefficient is a linear function of /L R . More 

details about the maneuvering characteristics of the 

vehicle under the underwater condition can be found 

in the Ref. [20]. But under the surface navigation 

condition, the relationship between the yaw moment 

coefficient and /L R  is nonlinear. The variation of 

the yaw moment coefficient is almost linear in the 

region of small rotating velocity, while the variation 

becomes small in the region of a large rotating speed. 

In view of the fact that the yaw moment coefficient is 

a linear function under the underwater conditions (as 

shown in Fig. 8), the nonlinear effects may be 

associated with the shape change of the free surface 

under various above water conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 8 The lateral moment rotation derivative under 4 Kn un-  

     derwater horizontal rotation condition 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 9 The lateral moment rotation derivative under 4 Kn above  

     water horizontal rotation condition 

 

    Figure 10 shows the pressure coefficient distribu- 

tions for different gyration radii under the underwater 

condition, and Fig. 11 shows the pressure coefficient 

distributions for different gyration radii under the 

surface navigation condition. All results are based on 

the averaged time. The vehicle is located in the 

Cartesian coordinates. The -X axis points to the head 

of the vehicle, the -Y axis points to the right wing of 

the vehicle and the -Z axis points to the bottom of 

the vehicle. The origin is at the buoyancy center of the 
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vehicle. The data in Fig. 10, Fig. 11 are derived from 

the line / = 0.375X L  . pC  is the pressure resistance 

coefficient. The effects of the hydrostatic pressure are 

excluded both in Fig. 10, Fig. 11. /Y L  is the dimen- 

sionless length. It is obvious that with the increase of 

the rotation radius, the asymmetry of the pressure on 

left and right sides of the vehicle is gradually 

decreased. Under the influence of the wall lateral 

velocity, the pressure increases in the upstream region 

on the right side, while the pressure decreases in the 

downstream region on the left side (as shown in Fig. 

11), which is similar to the tendency of the pressure 

distribution under the above water condition. It is 

indicated that the influences of the rotating speed on 

the wall dynamic pressure are mainly the same under 

the underwater and above water conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 10 The lateral moment rotation derivative under 4 Kn un- 

      derwater horizontal rotation condition 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 11 The lateral moment rotation derivative under 4 Kn  

      above water horizontal rotation condition 
 

    However, the rotating speed can also affect the 

free surface patterns. The free surface distributions of 

the wave against the radius under the vehicle are as 

shown in Fig. 12. It is shown that the free surface 

patterns are similar under the conditions of a small 

rotating speed and a large rotating radius (as shown in 

the middle and right views in Fig. 12). Therefore, the 

feedback yaw moment variation is mainly caused by 

the dynamic pressure distributions, varying linearly 

under a small rotating velocity condition. Moreover, 

under the conditions of a large rotating speed and a 

small rotating radius (as shown in the left view in Fig. 

12), the free surface shape changes remarkably, and 

the water depth in the downstream region on the left 

side increases significantly. Consequently, the hydro- 

static pressure is increased in the downstream region, 

therefore, the increase of the overall yaw moment 

slows down when the rotating speed becomes larger 

(as the nonlinear trend shown in Fig. 9). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 12 (Color online) The free surface patterns for the vehicle  

      with different radii 

 

 

7. Conclusions 

    The wave characteristics of the blended wing 

body vehicle with a small length-width ratio, a deep 

draft and a high speed are investigated in the present 

paper, to provide some reference for the similar type 
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of vehicles. 

    (1) Based on the VOF implicit method, the wave 

resistance characteristics of the blended wing body 

vehicle are obtained. The wave making resistance is 

consistent with the result obtained by the P  theory. 

    (2) The wave length is equal to the body length, 

and the wave interference effects are significant. The 

wave making resistance coefficient against the speed 

sees a remarkable fluctuation, so an economic navi- 

gation speed should be chosen carefully. 

    (3) The horizontal rotation maneuvering chara- 

cteristics are nonlinear and more complex than under 

the underwater condition, which is caused by the 

unsymmetrical wave pattern under the vehicle. 

    A prototype of the blend wing body vehicle is in 

production. The results of the hydrodynamic force can 

be obtained from the lake experiment, which will be 

discussed in the following work. 
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