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For general moving object (GMO) problems, when mass density of the moving object(s) under 

coupled motion is less than that of fluid, the existing explicit GMO method in FLOW-3D
®
 often 

fails due to stability difficulties. In this work, an implicit GMO method was developed and 

incorporated into FLOW-3D
®
. The main difference between the implicit and the explicit GMO 

methods is that in each computational cycle, or time step, the former calculates the object motion 

and the fluid flow iteratively while the later calculates them separately. Unlike the explicit method, 

the implicit approach imposes no limitations on mass density of the moving objects. Tests show it 

possesses good stability for density of moving objects as low as 0.1% of that of fluid. Close 

matches between the computational and experimental results were obtained for simulations of a 

light boat under coupled motion in water stream.  

 

 
 

 

1. Introduction 

 

A fixed-mesh method for general moving objects in fluid flow (called GMO model) is 

one of the recent additions to FLOW-3D
®
 (Wei, 2005a, 2005b). A general moving object 

is a rigid body with any type of motion which is either user-prescribed (prescribed 

motion) or dynamically coupled to fluid flow (coupled motion). The method allows for 

multiple general moving objects in a problem, and each of them can be assigned any type 

of prescribed or couple motion with 6 degrees of freedom (DOF), fixed axis or fixed 

point. User-prescribed control forces and torques are allowed for objects in coupled 

motion. At each time step, area and volume fractions in a fixed-rectangular mesh are 

calculated to describe the objectsô location and motion. Hydraulic, gravitational, 

environmental, non-inertial and residual control forces and torques are calculated for 

every moving object. In the original GMO model, at each time step, equations of motion 

are solved explicitly using the forces/torques of the previous time step. This model is 

called the explicit GMO method in this work.  

 

The explicit GMO method has received applications in various engineering areas 

(Wei, 2005a, 2005b, 2006, Barkhudarov and Wei, 2006a, 2006b). It is numerically stable 

if all moving objects are under prescribed motion. For coupled motion problems, 

however, its stability is conditional, depending on the mass density ratio of a moving 

object under coupled motion to that of fluid. If the density ratio is greater than one, it is 

stable; otherwise it can experience instability. The possibility of an instability increases 

with the density ratio and usually cannot be resolved by using a smaller time step size. In 

an example of a solid object dropping into water, computations show that stability cannot 

be obtained for any mass density of the object less than a half of the fluid density. This 

instability stems from the explicit approach of the method when solving the equations of 
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motion for the rigid body: it uses the force and torque of the previous time step to 

calculate object motion at the current time. Using this method, a small fluctuation of 

pressure around a relatively light object can cause a big fluctuation in the objectôs 

motion, which in turn intensifies the fluctuations of pressure in the fluid and causes even 

bigger fluctuation of the objectôs motion. The growth of the fluctuations results in an 

instability and eventually in a failure of computation. 

 

In order to overcome this instability, an implicit GMO method was proposed and 

implemented into FLOW-3D
®
. With this method, the force and torque of the current time 

step rather than the previous one are used to solve the equations of motion for the rigid 

body. In each cycle of the computation, hydraulic forces and torques, mass center 

velocities and angular velocities of the moving objects, velocity and pressure 

distributions in the fluid are calculated in a coupled manner iteratively. Tests show that 

the implicit GMO method possesses high stability and good efficiency for both heavy and 

light moving object problems. It is especially suitable for problems of light moving 

objects where the existing explicit GMO method fails. A detailed description of the 

implicit GMO method and the results of several applications are presented and discussed 

in the following sections.  

 

 

2.   Numerical Method  

 

According to kinematics, any motion of a rigid body can be partitioned into a 

translational motion and a rotational motion. Velocity of any point on a rigid body is 

equal to the velocity of an arbitrarily selected base point on the object plus the velocity 

due to the rotation of the object about that base point. For 6-DOF motion, the GMO 

model selects the objectôs mass center G as the base point. Equations of motion 

governing the two separate motions for 6-DOF motion are (Goldstein et al., 2002)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               
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where F
C

 is the total force, m is the rigid bodyôs mass, GT
C

 is the total torque about G, [J] 

is moment of inertia tensor about G in a body-fitted reference system. In general, the total 

force can be divided into several net components, 
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where gF
C

 is the gravitational force, hF
C

 is the hydraulic force which is the net effect of 

pressure and wall shear forces on the moving object, cF
C

 is the net control force such as 

propulsive thrust force and axis force to control or restrict the objectôs motion, and niF
C

 is 

the net non-inertial force if the object moves in non-inertial space system. Similarly, 

partition of the total torque about mass center is 
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GT
C

, gT
C

, hT
C

, cT
C

 and niT
C

are the total torque, gravitational torque, hydraulic torque, control 

torque and non-inertial torque about mass center, respectively. gT
C

 vanishes for 6-DOF 

motion. Equations of motion for fixed-axis and fixed-point motions can be found in Wei 

(2005a). For moving object problems, the continuity equation and the momentum 

equation for fluid flow and the transport equation for the volume of fluid (VOF) function 

are 
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where r is the fluid density, u
C
 fluid velocity, Vf  volume fraction, Af area fraction, p 

pressure, t viscous stress tensor, G
C

 gravity, and F fluid fraction.  

 

In the GMO model, the equations of motion (1) and (2) are solved at each time step if 

the object moves in a coupled fashion. Locations and orientations of all moving objects 

are tracked, and area and volume fractions are updated accordingly. Equations (5) to (7) 

are numerically solved with the source term 
t

Vf

µ

µ
-  on the right-hand side computed as 
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where Sobj, n
C
 and objU

C
 are surface area, surface normal vector and velocity of moving 

object in a mesh cell, respectively, and Vcell is the cell total volume, as illustrated in 

Figure 1. 

 

The explicit GMO method solves equations (1) and (2) for mass center velocity and 

rotational velocity at the current time step (n+1) using the hydraulic force of the previous 

time step (n). The discretized equations for (1) and (2) are 
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      (explicit GMO)       (10) 

where the upper index denotes the time step, ä iF
C

 and ä iT
C

 represent respectively the 

sums of all the force and torque components in equations (3) and (4) except for the 

hydraulic components. At each time step, after 
1+n

GV
C

 and 1+nw
C

 are calculated in this 

manner, fluid velocity and pressure are calculated by iteratively solving the continuity 

and momentum equations.  



 4 

 

 

 
 

Figure 1. Schematic showing the calculation of the source 

term in Equation (8).  

 

 

The implicit GMO method proposed in this work solves the equations (1) and (2) 

implicitly using the following numerical scheme 
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where the hydraulic force and torque at the current time step (n+1) are used. Unlike the 

explicit GMO method which solves object and fluid motions separately, the implicit 

GMO method solves them together through iterations. At each time step, the main 

computational procedures are  

 

1. Calculate force and torque for the moving objects under coupled motion using 

pressure and fluid velocity from the previous time step. 

2. Calculate mass center velocity and angular velocity for objects under coupled 

motion explicitly using equations (9) and (10).  

3. Calculate locations and orientations of all moving objects.  

4. Update volume and area fractions. 

5. Calculate 
t

Vf

µ

µ
-  using equation (8). 

6. Conduct one predictor-correction iteration for pressure and fluid velocity 

calculation using a discretized form of equations (5) and (6). If computational 

convergence is achieved, go to step 10. 

7. Update force and torque for all moving objects under coupled motion using the 

newly updated pressure and fluid velocity in step 6. Apply under-relaxation to 

fluid pressure and flow velocity if necessary. 
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8. Update mass center velocity and angular velocity for all moving objects under 

coupled motion using the implicit scheme in equations (11) and (12) with newly 

updated force and torque. Apply under-relaxation if necessary.  

9. Return to step 5.  

10. Proceed to the next time step. 

 

Note that the rigid bodies are not actually moved during iterations in steps 5-9. Compared 

to the explicit GMO method, the implicit method imposes stronger coupling for flow and 

object motion calculation. The under-relaxation for both object and fluid motions help 

constrain fluctuations of the moving object velocity, fluid pressure and velocity during 

iterations and ensure convergence. It is especially useful for light moving object 

problems. With these treatments, computational stability is greatly improved.  

 

 

3. Implementation and Validation 

 

The implicit GMO method has been implemented into FLOW-3D
®
 version 9.2. A new 

input parameter impmob was added as the flag for activation of the implicit GMO method 

in the xput section of prepin project file. The implicit GMO method is activated if 

impmob is set equal to 1. The default value of impmob is 0, which means the explicit 

method is used. 

 

     The implicit method is compatible with all three pressure solvers (SOR, ADI and 

GMRES) currently available in the code. The default value of the under-relaxation 

coefficient omega is 0.7 if the implicit GMO method is used. The user can also define a 

different value of omega. The lower the mass density ratio of a moving object to that of 

fluid, the smaller value omega should be used. It is noted that an unnecessarily low value 

of omega can slow down the computation. Values less than 0.1 are not recommended. 

When a calculation has difficulties to convergence, omega is automatically decreased 

according to  

2)1.0( oldnew ww += , 

If wnew < 0.15, 1.0=neww  

 

The code has also been modified to make the GMO collision model and the implicit 

GMO solver compatible with each other. Tests were conducted for a few coupled-motion 

problems for both light and heavy moving objects.  

 

3.1. A sphere dropping into water 

 

Consider a sphere of 2.5 cm radius dropping into water. At t=0, the center of the sphere is 

4 cm above water surface and has a 10 cm/s downward velocity. 3-D computations using 

the implicit GMO method were carried out for density ratio of the sphere to fluid at 0.1%, 

1%, 10%, 100% and 200%. A computation is also conducted for the 10% case using the 

explicit GMO method to compare the results of the two methods. The computational 

mesh is non-uniform and the total number of mesh cells is 51³51³51=132,651. Figures 1 

and 2 show the calculated object and fluid motions in the plane of symmetry (y=0) by the 

explicit and the implicit GMO methods for the 10% case. It is seen that the explicit GMO 
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method is unstable and, therefore, unsuccessful: the sphere rebounds from water surface 

from a big spike of pressure force and moves out of the domain in about 0.1 second. 

Figure 2 shows the computation is stable when using the implicit method. After the 

sphere touches the water surface, it sinks partially in water and then moves up and down 

with a small-amplitude oscillation corresponding to surface wave motion. Figure 3 

presents time-variation of the vertical coordinate of the sphereôs center for different 

values of object to fluid density ratio. It is shown that for a light sphere, the magnitude of 

the oscillations decreases with its density, which is common sense. The oscillation is 

nearly unnoticeable if the sphere density is 0.1% of water. If the sphere density is greater 

than water, the sphere sinks continuously. Simulations were conducted using a computer 

with a 2.0 GHz AMD Athlon processor. For all the cases, simulation time is 1.0 sec. 

omega was prescribed in the range of 0.3-0.7. CPU time for each run varied between 9.8 

to 21.3 min. The GMRES pressure solver was used in all cases.  

 

 
                     (a) t=0 sec                                                          (b)  t=0.048 sec 

 

 
                   (c) t=0.072 sec                                                    (d)  t=0.108 sec 

 

Figure 1. Calculation by the explicit GMO method of a sphere dropping into water.  

Density ratio of the sphere to fluid is 10%. Color: pressure. Vectors: fluid velocity. 
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(a) t=0 sec                                                        (b) t=0.1 sec 

 

 
(c) t=0.7 sec                                                        (d) t=1.0 sec 

 

Figure 2. Calculation by the implicit GMO method of a sphere dropping into water 

Density ratio of the sphere to fluid is 10%. Color: pressure. Vectors: fluid velocity. 

 



 8 

 
 

Figure 3. The z-coordinate of the sphereôs center vs. time for different values of the 

sphere to fluid density ratio. Line 1: 0.1% of water density, line 2: 1%, line 3: 10%, line 

4: 100%, line 5: 200% 

 

 

3.2. Log Transport in Water Stream 

 

A problem of the transport of logs by a stream of water is considered in this section (also 

discussed in Wei (2006)). The computation was conducted using the implicit GMO 

model since the explicit model produces an unstable solution. The newly developed 

collision model (Wei, 2006) is also activated to simulate the collision of logs against 

surrounding walls and other logs. The computational domain includes a reservoir and a 

channel which are connected to each other by a floodgate. The reservoir is 6.5 m deep, 

15.0 m long and 18.0 m wide. The gate has a step of 1.5 m high from the channel bottom. 

The total number of mesh cells is 700,000. Initially there are 5 wooden logs, 6.0 m long 

and 1.0 m in diameter with the density of 500 kg/m
3
, floating in the quiescent water of the 

reservoir. The default value of 0.7 is used for omega. The energetic restitution coefficient 

for collision is 0.632, and the friction coefficient m for the log contact is 0.1. At time t=0, 

the floodgate is instantly opened and the logs start moving to the floodgate carried by the 

flow. The computation is completed with a good stability during the total simulation time 

of 1.0 minute. Figure 4 shows log positions at different stages of the process. During the 

whole process, there are multiple collisions of the logs with walls, the step of the 

floodgate and the bottom of the channel, indicating that the implicit GMO method works 

well with the collision model. The computation was conducted on a PC with a 3.0 GHz 

Pentium 4 processor. CPU time is 45 hours and 12 minutes.   
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(a)                                                                 (b) 

  
(c)                                                                 (d) 

  
(e)     (f) 

  
(g)                                                                      (h) 
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(i)                                                                   (j) 

  
(k)                                                                 (l) 

 

Figure 4. Computational results for the transport of wooden logs by a water stream.  

Color in (a-f) represents fluid velocity. 

 

 

3.3. Motion of boat in water 
 

In this section, the motion of a model boat in water is simulated and compared with 

experimental result. The boat is 3.0 m long, 0.8 m wide and 0.45 m deep, as shown in 

Figure 5(a). The mass of the boat is 118.2 kg, volume is 0.59 m
3
, with average mass 

density of 200.3 kg/m
3
 (about 20% of the water density), and the inertia tensor about the 

mass center is 

 

  (m
2�Â�N�J) 

 

The purpose of the simulation is to calculate the hydraulic force acting on the boat when 

it moves in the positive x direction at a constant speed in quiescent water. To avoid too 

large a computational domain and an unacceptable number of computational mesh cells, 

the calculation is done in an intertial coordinate system attached to the boat. The speed of 

the boat is then equal to zero, while water flows in the negative x direction at the original 

speed of the boat (see Figure 5(a)). For simplicity, the coupled motion of the boat is 


