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ABSTRACT 

A computational fluid dynamics (CFD) model of the NPS tow tank with wave 

generation and a submerged body was created to investigate different methods of solid 

body modeling using commercial CFD software ANSYS CFX. A comparison of the rigid 

body method and immersed solid method was performed modeling a submerged 

rectangular body at different depths and different orientations. The models produced 

similar results when the body was lower beneath the wave surface with limited 

fluid-body interaction. As the amount of fluid-body interaction increased, the rigid body 

method showed increased amounts of wave energy dissipation as compared to the 

immersed solid method. This disruption of the wave energy resulted in the rigid body 

method showing lower body forces and moments when compared to the immersed solid 

model. The increased wave energy dissipation in the rigid body model is likely caused by 

the different mechanism for modeling body-fluid interaction. Future studies 

should compare the immersed solid modeling method results to experimental data and 

develop a CFD model with body motion. 
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I. INTRODUCTION AND BACKGROUND 

A. BACKGROUND AND MOTIVATION 

The Department of Defense spends a considerable amount of money supporting 

testing and evaluation of defense acquisitions. In 2019, $94 billion was appropriated for 

research, development, test, and evaluation [1]. It was estimated that for 2015 the total cost 

of testing and evaluation within the Department of Defense was over $9 billion [2]. Test 

and evaluation is a crucial component of defense acquisition, as it provides information 

critical to determining if the program is meeting performance objectives. However, realistic 

modeling and simulation has the potential to significantly decrease test and evaluation costs 

while maintaining the technical rigor required to satisfy defense acquisition requirements. 

Sea-based defense acquisitions often require evaluation of the hydrodynamic 

behavior of hull forms. Hydrodynamic evaluation often involves constructing various scale 

models depending on the level of required fidelity and testing them in an environment 

similar to the planned operating conditions. With increased focus on autonomy, the form 

of an unmanned underwater vehicle (UUV) may require hydrodynamic testing near the 

fluid surface while waves are also present. An accurate model of the equivalent 

environment with surface waves can reduce or remove the requirement to perform physical 

testing of the hull form.  

B. PREVIOUS WORK AND LITERATURE REVIEW 

1. Wave Behavior and Modeling 

There exist two main concepts for the mathematical study of wave behavior. The 

most common is linearized wave theory. In linearized wave theory the wavelength is much 

less than the depth of the water and the wave amplitude is small compared to the 

wavelength such that the velocity components of the wave potential and the deviation of 

the free surface and the partial derivatives and any multiple or power thereof are negligible 

[3]. The alternate concept is nonlinear wave theory, often used to study wave behavior in 

shallow water. In this case, the deviation of the free surface and its partial derivatives are 

no longer small enough to be negligible, resulting in higher-order approximations. This 
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study will focus on linear wave theory. A Stokes wave, shown in Figure 1, is the solution 

for a two-dimensional symmetric, periodic wave governed by the conservation of mass and 

Euler’s equations [4].  

 
Figure 1. A Stokes wave. Source: [4]. 

The behavior of particles in a Stokes wave over a flat bed has been described by 

Constantin [4] based on the location of the particle. A particle initially located on the flat 

bed will remain at that height. It will initially travel opposing the direction of wave motion, 

then turn back into the direction of wave motion. It will pass the length of the period, but 

prior to the completion of the period it will again oppose the direction of wave motion to 

reach the final location one period past the initial starting point. The motion of a particle 

initially above the flat bed is similar with the exception that the particle will no longer 

remain fixed vertically. It will initially travel upward during the first backward motion, 

then during the ending part of the period the particle will travel downward. In the case of 

deep-water waves, the particles on the bed are not impacted by the wave; however, the 

above-bed particle trajectory is applicable and is depicted in Figure 2. 
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Figure 2. Stokes wave particle trajectory. Source: [4]. 

Finnegan and Goggins [5] used computational fluid dynamics (CFD) software 

ANSYS CFX to construct and analyze a two-dimensional model of the waves generated 

by a flap-type wavemaker in a sloped beach. Prasad et al. [6]. simulated waves in a three-

dimensional numerical wave tank with attached turbine using ANSYS CFX and verified 

the model with experimental data. These studies demonstrated the suitability of 

commercial CFD software to generate accurate wave generation models. 

2. NPS Tow Tank 

The Naval Postgraduate School (NPS) tow tank, shown in Figure 3, is 10.97 meters 

long and equipped with an aluminum tow plate on two rails running the length of the tank.  
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Figure 3. NPS tow tank. Source: [7]. 

In 2016, wave generation capability was added to the NPS tow tank by Tran [8] 

through the use of an aluminum wedge attached to a motorized plunger. The wave 

generation assembly is shown installed in the NPS tow tank in Figure 4. The aluminum 

wedge is oscillated vertically at an amplitude and frequency specified by the user and 

provided to the control software to produce the waveforms within the tank. 
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Figure 4. NPS tow tank wave generation assembly. Source: [9]. 

In 2017, efforts were made to accurately model the wave generating wedge and 

NPS tow tank in CFD Finite Element Analysis (FEA) software by Jones [10], [11]. The 

dimensions for the wedge geometry are shown in Figure 5.  
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Figure 5. NPS tow tank wave generating wedge geometry. Source: [10]. 

Jones simulated the wedge wave generation by generating mesh motion of the 

angled wedge [10]. Wedge displacement was defined in accordance with Equation (1), 

where z is the wedge displacement, the exponential term models the motor ramp up, aw is 

the wedge amplitude, f is the oscillation frequency, and φ is the phase. 

 ( ) ( )231 sin 2t
wz e a ftπ φ−= − +  (1) 

Jones then completed several modelling parametric studies on the mesh size, mesh 

shape, and transient model time step size to determine a preferred configuration.  
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Several experiments have been performed to measure wave loading on various 

submerged bodies within the NPS tow tank. Jones [10], [11] measured the forces on a 

square submerged body beneath the wave surface. Whitmer [9], [12] measured forces on a 

cylindrical tube with hemispheric end caps in order to validate the linear superposition of 

forces and moments from multiple waveforms and measure the low-frequency nonlinear 

loads. Turner [13], [14] tested hydrodynamic forms with square and rectangular parallel 

mid-bodies and determined that non-circular hull designs can either reduce or increase the 

wave-induced loads depending on the aspect ratio when operating near the surface. Suriben 

[15] tested the forces on cylindrical models with hemispheric and flat-faced endcaps to 

compare the test results with analytical solutions to assess the importance of viscous effects 

due to flow separation around the bow.  

These experiments are examples of testing done in order to improve understanding 

of natural behavior and allow comparisons between experimental data and numerical 

models. Once an accurate model has been developed and validated, this model could then 

be used to reduce the amount of physical testing necessary to perform trade-off or 

conceptual studies for a new hydrodynamic form design. The reduction in physical testing 

would reduce the overall cost of a defense acquisition project. 

C. OBJECTIVE  

It is desirable to have an accurate model with a relatively short runtime that can be 

easily modified to change the hydrodynamic form that is being analyzed. This study 

compares different methods of modeling the submerged body within the NPS tow tank 

with wave generation to assess the impact different body modeling methods had on the 

CFD results. Additionally, an assessment of the impact of pitch angle on the submerged 

body loads was performed. 
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II. NUMERICAL ANALYSIS SETUP 

A. TOW TANK MODELING AND BOUNDARY CONDITIONS 

In order to accomplish a finite element analysis, the simulation domain must be 

defined. For this analysis, the domain of the NPS tow tank was constructed using 

SOLIDWORKS 2018. In order to take advantage of symmetric conditions, thereby 

reducing the model size, only half the width of the tow tank was used in the domain. The 

wave generating wedge is the front wall of the tank and is constructed consistent with the 

physical wedge shape. The NPS tow tank SOLIDWORKS domain is shown in Figure 6.  

 
Figure 6. NPS tow tank SOLIDWORKS domain 

The SOLIDWORKS model was then imported into ANSYS CFX Version 19.2. 

The bottom, outer side, and back of the tank were all modeled as smooth, no slip wall 

boundaries. Smooth boundaries were chosen for these faces as the tow tank is often used 

to simulate the conditions that would be present in a much larger environment. Therefore, 

it was desired to minimize the impact surface roughness on these faces causes to the fluid 
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behavior. The top of the tank was modelled as an opening with no relative pressure 

gradient. The wedge front of the tank was modeled as a no slip wall with a roughness of 

0.01 millimeters. Additionally, the slanted wedge portion was stipulated to have mesh 

motion consistent to that used by Jones [10] in order to generate the water waves. For all 

models, a wedge motion amplitude of 0.0254 meters and frequency of 1 Hertz was used.    

This wedge motion generates a wave with a frequency of 1 Hertz and an average wave 

amplitude of 0.0175 meters as measured 1 meter downstream of the wedge. 

The domain consisted of air at a density of 1.185 kg/m3 and fresh water at a density 

of 997.0 kg/m3 with an initial still water height of 0.9144 meters. The fluids were 

isothermal at 25°C, a reference pressure of 1 atmosphere was used, and the domain was a 

buoyant model with gravity set at 9.80665 m/s2. The transient model was run using 

0.01 second time-step increments, consistent with the recommended time-step size 

determined to yield accurate results by Jones [10]. The models were run for a total time of 

12 seconds to prevent wave reflection interference from the back of the tank. 

A homogeneous multiphase model was used to represent the fluid interactions, the 

k-ε turbulence model was used to account for any turbulence, and the transient algorithm 

used was second order backward Euler as an implicit time-stepping scheme.  

B. BODY FORMATION 

The model also includes a rectangular body that is submerged within the water 

beneath the waves at different depths and orientations. The rectangular body is 1.02 meters 

long, 0.1 meters high, and has a full width of 0.1 meters. However, the body was placed  

at centerline and again symmetry was used such that the modeled body width was 

0.05 meters. The body was located within the tank such that the center of the body was 

2.75 meters from the front of the tank and maintained fixed throughout the simulations. In 

order to model the body within ANSYS CFX, two different methods were used, the rigid 

body method and the immersed solid method. 
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1. Rigid Body Method 

The rigid body method of body formation uses two-dimensional faces to define the 

body. The body itself is not meshed, instead the form of the body is removed from the 

modeled domain in SOLIDWORKS. All meshing is then done around this removed 

domain, which can make creating a stable mesh difficult, depending on the nature of the 

body. A model using the rigid body method of body formation is shown in Figure 7 with a 

detailed view shown in Figure 9. The rigid body method of body formation was used by 

Jones [10] in his modeling of the NPS tow tank. 

 
Figure 7. Rigid body method SOLIDWORKS model 

2. Immersed Solid Method 

The immersed solid method of body formation inserts a separate body within the 

modelled domain. This was accomplished by importing the SOLIDWORKS NPS tow tank 

domain and then creating the rectangular body within the tank using ANSYS Design 

Modeler. The immersed solid is then meshed separately from the domain mesh. The benefit 

to this method of body formation is that the tank mesh would remain consistent regardless 

of the body shape placed within the tank. A model using the immersed solid method of 
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body formation is shown in Figure 8, and a detailed view of the rectangular body is shown 

in Figure 9. 

 
Figure 8. Immersed solid method ANSYS model  

A focused comparison of the meshes between the two body forming methods is 

shown in Figure 9.  

 
Figure 9. Mesh comparison rigid body method (left) and 

immersed solid method (right) 
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C. MODELS 

In order to determine the modeled wave behavior and body impacts several 

variables were changed between models. First, the model had either no body, the 

rectangular body using the rigid body method, or the rectangular body using the immersed 

solid method. The second variable changed was the body was either in a high position such 

that the center of the body was 0.1044 meters beneath the still water surface, or a low 

position such that the center of the body was 0.2032 meters beneath the still water surface. 

The high body position yields a non-dimensionalized body depth (body centerline depth 

divided by model height) of 1.04 and the low body position yields a non-dimensionalized 

body depth of 2.03. The final variable was the inclination of the body, which was either -

15 degrees, horizontal, 7.5 degrees, or 15 degrees from the horizontal. When the body was 

inclined, the center of the body was maintained at the desired depth. An example of an 

inclined model is shown in Figure 10. 

 
Figure 10. Inclined model at a 15° up angle 

The list of models referenced within this paper is as follows: 

1. Tank only, no body 

2. Rigid body, high position, horizontal 

3. Immersed solid, high position, horizontal 
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4. Rigid body, low position, horizontal 

5. Immersed solid, low position, horizontal 

6. Rigid body, low position, 15 degrees 

7. Rigid body, low position, -15 degrees 

8. Rigid body, low position, 7.5 degrees 

9. Immersed solid, low position, 7.5 degrees 

Each model was run to accumulate transient data on the fluid velocity profile, 

pressure distribution, wave behavior, and force and moment exerted on the body. The 

results from these models were compared to assess the accuracy of the modeling method 

in representing the physical situation. For all models, no validation against experimental 

data was performed. 

There are two different coordinate systems used in the models. The global 

coordinate frame is for the tank. In this coordinate system, shown in Figure 11, the origin 

is placed in the inside lower corner of the tank. The negative x-axis extends down the length 

of the tank, the positive y-axis extends up the height of the tank, and the positive z-axis 

extends widthwise toward the outer edge of the tank. The coordinate system for the body, 

shown in Figure 12, maintains all axes in parallel positions to the global coordinate system, 

regardless of the orientation of the body. However, the body coordinate system the origin 

is located in the center of the body. The forces and moment on the body are measured with 

respect to the body coordinate system. All other variables such as fluid particle velocity 

are measured with respect to the global coordinate system. 
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Figure 11. Global coordinate system 
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Figure 12. Body coordinate system with global coordinate shown 

in lower right corner 
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III. RESULTS AND DISCUSSION 

A. COMPARISON OF BODY FORMATION METHOD FOR BODY IN HIGH 
POSITION 

A comparison was performed using the two different methods of body formation 

while the body was in the same vertical position, denoted as high position, and horizontal 

orientation. For all models the same wedge motion was used, producing a wave with a 

frequency of 1 Hertz and amplitude of 0.0175 meters. The intent was to determine if the 

body formation methods resulted in similar modeling results. 

A visual comparison between the two models immediately identified that the 

immersed solid model demonstrated crisper, more continuous behavior for volume fraction 

and pressures than the rigid body model. Examples of this are shown in the contour lines 

for the water volume fraction in Figure 13 and in the dynamic pressure contour lines shown 

in Figure 14. These images are from the same instant of time in the transient models and 

as such should show the same condition; however, the rigid body model shows increased 

dispersion of the water volume fraction and greater dispersion of the dynamic pressure 

while having lower dynamic pressure values overall. 

 
Figure 13. Water volume fraction contour line comparison for body in high position 
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Figure 14. Dynamic pressure contour line comparison for body in high position 

The increased cohesion of the immersed solid model was initially perceived as an 

advantage. However, experimental tests run by Jones [10] with the rectangular body at the 

same shallow depth as the models demonstrated the waves become steep and incoherent 

when breaking over the body, shown in Figure 15.  

 
Figure 15. Waves breaking over a shallow body. Source: [10]. 
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Velocity and pressure data were compared between the two models at specific 

locations. The locations chosen for comparison were three points halfway down the length 

of the body at 0.01 meter, 0.04 meter, and 0.06 meter above the upper surface of the body, 

as shown in Figure 16, with the center of the yellow crosshairs being the points and the 

blue contouring showing the water volume fraction. For this body position, the highest 

point located 0.06 meters above the upper body surface is above the still water height. 

 
Figure 16. Location of data points used for comparison 

Comparison of data at these points demonstrated that the immersed solid model 

exhibited smaller values for velocity and dynamic pressure behavior when close to the top 

surface of the body; but, as the distance from the top surface grew, the values for the 

immersed solid model grew faster than those for the rigid body model. At the larger 

distance from the body surface, the rigid body model exhibited larger values for velocity 
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and dynamic pressure. This can most clearly be seen by examining the x velocity, defined 

as the velocity down the length of the tank. Close to the upper surface of the body, the 

values for x velocity between the rigid body model and the immersed solid model 

maintained similar waveforms with the immersed solid model having lower wave 

amplitudes, shown in Figure 17. 

 
Figure 17. X velocity close to the body top surface, comparing models with body 

in high position  

As the distance from the surface increased, the x velocity of the two models 

increased, with the immersed solid model growing faster. The immersed solid model 

exhibited non-standard waveforms with larger amplitudes than the rigid body model, as 

shown in Figure 18.  



21 

 
Figure 18. X velocity farther from the body top surface, comparing models 

with body in high position 

Similar behavior was observed in comparison of the dynamic pressures between 

the two models. Close to the body, the dynamic pressures for the rigid body model were 

higher, as shown in Figure 19. Farther from the top surface of the body the dynamic 

pressures are larger overall, with the immersed solid model having the higher values, as 

seen in Figure 20. The dynamic pressures at the higher position shown in Figure 20 

periodically drop to zero as the water height from wave motion drops below the monitoring 

point, exposing it to air. These dynamic pressures are also lower than values predicted by 

linear potential wave theory based on the incoming wave. However, as the wave height is 

rapidly decreasing over the body due to wave energy dissipation, it is expected that the 

pressure fluctuations from the passing wave will be small. 
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Figure 19. Dynamic pressure close to the body top surface, comparing models 

with body in high position 
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Figure 20. Dynamic pressure farther from the body top surface, comparing models 

with body in high position 

As a final comparison between the two models, the force and moment on the body 

were analyzed. In order to perform this comparison, the force and moment must be non-

dimensionalized. This was done using water density (ρ), gravitational acceleration (g), 

wave amplitude (a), body length (LB) and body width (WB). The non-dimensionalized drag 

and vertical forces (FND) are defined in Equation (2) and the non-dimensionalized moment 

(MND) is defined in Equation (3). 

 ND
B B

FF
gaL Wρ

=  (2) 

 2ND
B B

FM
gaL Wρ

=  (3) 
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The transient behavior for non-dimensionalized drag force, lift force, and moment 

on the body are shown in Figure 21, Figure 22, and Figure 23, respectively. The rigid body 

model computes peak body force and moment values that are lower than the immersed 

solid model.  

 
Figure 21. Non-dimensionalized drag force comparison for models with 

body in high position 
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Figure 22. Non-dimensionalized lift force comparison for models with body in high 

position 
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Figure 23. Non-dimensionalized moment comparison for models with body in high 

position 

The comparison of these two models demonstrates that the rigid body modeling 

method and immersed solid modeling method can produce different results. However, due 

to the shallow nature of the body underneath the waves, it is not apparent if these 

inconsistent results are due to the different modeling method or lack of fidelity for complex 

body-wave interactions.  

B. COMPARISON OF BODY FORMATION METHOD WITH BODY IN LOW 
POSITION 

Once it was determined that the complex body-wave interactions may be impacting 

the two modeling results, a comparison was performed between the two methods of body 

formation at a lower position such that the body was farther beneath the wave surface. The 

wedge motion and generated waveform were maintained consistent with previous models. 

The two methods of modeling body formation, rigid body method and immersed solid 
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method, exhibited closer behavior at the lower depth. Figure 24 and Figure 25 show a 

comparison between the x velocity and the non-dimensionalized drag force on the body, 

respectively, between these two body formation methods with the body in the lower 

position. The comparison between the two methods of body formation provide evidence 

that the farther the body is from the wave action the more the solutions between the two 

methods of body formation converge. 

 
Figure 24. Comparison of x velocity with body in lower position 
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Figure 25. Comparison of non-dimensionalized drag force with body in lower 

position 

A transient comparison of the velocity behavior between the two models was 

performed. The transient time was started at 6.00 seconds and progressed in 0.15-second 

increments until 7.05 seconds. These images are shown in Figure 26, Figure 27, and Figure 

28 for the rigid body model and in Figure 29, Figure 30, and Figure 31 for the immersed 

solid model. In general, the velocity behavior between the two models is consistent. In both 

models, the flow over the top corner of the body exhibits a complete change in direction as 

the transient progresses. The biggest distinction between the models occurs at time 6.75 

seconds, as the wave is over the front of the body. For the immersed solid model, the 

velocity vectors over the front of the body appears to evenly distribute between the top and 

bottom, flowing down the length of the body. For the rigid body model, the flow impinges 

against the front of the body, with some of the flow being reflected back against the 

direction of wave motion. This time step is shown in Figure 32 for the rigid body model 

and in Figure 33 for the immersed solid model. 
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Figure 26. Transient velocity vectors for rigid body model in lower position 

(6.00 – 6.30 sec) 
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Figure 27. Transient velocity vectors for rigid body model in lower position 

(6.45 – 6.75 sec) 
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Figure 28. Transient velocity vectors for rigid body model in lower position 

(6.90 – 7.05 sec) 
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Figure 29. Transient velocity vectors for immersed solid model in lower position 

(6.00 – 6.30 sec) 
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Figure 30. Transient velocity vectors for immersed solid model in lower position 

(6.45 – 6.75 sec) 
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Figure 31. Transient velocity vectors for immersed solid model in lower position 

(6.90 – 7.05 sec) 
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Figure 32. Velocity vectors at 6.75 sec for rigid body model in lower position 

 
Figure 33. Velocity vectors at 6.75 sec for immersed solid model in lower position 

A comparison of the transient dynamic pressure contour lines was also performed 

using the same time increments. Figure 34 and Figure 35 show the transient dynamic 

pressure behavior for the rigid body model and Figure 36 and Figure 37 show the behavior 

for the immersed solid model. Of note, the scale in the rigid body model is approximately 

double that of the immersed solid model.  
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The regions of lower dynamic pressure around the body appear to be consistent 

between the two models. For example, at time 6.60 seconds both models show two lower 

pressure bubbles on top of the body fore and aft. However, the contour lines for the 

immersed solid model are more continuous as a whole, while the rigid body model has 

more patchy dynamic pressure behavior. Also, the rigid body model exhibited higher 

dynamic pressures overall.  
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Figure 34. Transient dynamic pressure contours for rigid body model in lower 

position (6.00 – 6.45 sec) 
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Figure 35. Transient dynamic pressure contours for rigid body model in lower 

position (6.60 – 7.05 sec) 
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Figure 36. Transient dynamic pressure contours for immersed solid model in lower 

position (6.00 – 6.45 sec) 
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Figure 37. Transient dynamic pressure contours for immersed solid model in lower 

position (6.45 – 7.05 sec) 
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The next comparison was to assess the impact the position of the body has on the 

forces and moment exerted on the body by the wavefront. It is anticipated that the lower 

the body is beneath the waves, the smaller the forces and moments on the body will be. 

However, the appropriate decreasing behavior between the upper and lower positions was 

only exhibited by the immersed solid method of body formation. Figure 38, Figure 39, and 

Figure 40 show the non-dimensionalized drag force, lift force, and moment on the body, 

respectively, at the different depths and body formation methods. The drag forces show 

realistic behavior for both modeling methods where the body force in the high position is 

higher than the drag force in the lower position. However, while the immersed solid model 

shows a decrease for the lift force and pitch moment when moving from the high position 

to the low position, the rigid body model shows the lift force and pitch moment maintaining 

approximately constant. 

 
Figure 38. Non-dimensionalized drag force comparison between high and 

low body positions 
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Figure 39. Non-dimensionalized lift force comparison between high and 

low body positions 
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Figure 40. Non-dimensionalized moment comparison between high and 

low body positions 

The rigid body model and immersed solid model both showed similar behavior for 

velocities, dynamic pressures, non-dimensionalized body forces and moment with the body 

in the lower position. Overall, this indicates that the two body formation modeling methods 

can be used interchangeably in situations with limited wave-body interactions. 

C. WAVE ENERGY DISSIPATION  

As it was determined the amount of fluid interaction with the body impacts the 

consistency of behavior between the body formation modeling methods, the amount of 

wave energy dissipated in the model was used to assess this interaction. In order to quantify 

the energy dissipation from the body, a wave amplitude analysis was performed. An NPS 

tow tank model without a body was used as the baseline. In this model, the transient wave 

amplitudes were monitored at locations 1 meter from the wedge and 4.25 meters from the 
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wedge, which would be located 1.25 meters in front of and 1 meter behind the submerged 

body, respectively, in the rigid body and immersed solid models. The baseline wave 

dissipation from the NPS tow tank model without a body is shown in Figure 41. Even 

without the body, there is a decent amount of wave energy dissipation, with the average 

value between these two stations being 14.6%. 

 
Figure 41. Transient wave amplitude for model with no body 

This wave dissipation behavior was then compared to the model with the rigid body 

oriented with a 15° up angle, with results shown in Figure 42. The wave dissipation is 

significantly greater in the 15° up angle rigid body model, with average wave dissipation 

between the stations at 77.8%. 
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Figure 42. Transient wave amplitude comparison between model with no body and 

15° up angle rigid body model 

The process of determining wave energy dissipation was repeated for the horizontal 

and 7.5° up angle rigid body models and the horizontal and 7.5° up angle immersed solid 

models. Table 1 provides the results of this analysis with the models sorted from least 

dissipation to most dissipation. 

Table 1. Average wave energy dissipation for various models 

Body Model Type Body Orientation Average Wave Dissipation 
None N/A 14.6% 

Rigid Body 0° 34.7% 
Immersed Solid 0° 39.7% 
Immersed Solid 7.5° 39.8% 

Rigid Body 15° 77.8% 
Rigid Body 7.5° 79.2% 
Rigid Body -15° 89.4% 
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All of the models with a submerged body show more wave energy dissipation than 

that of the model without a body. The horizontal rigid body, horizontal immersed solid, 

and 7.5° up immersed solid models have approximately the same amount of wave energy 

dissipation. The three rigid body models with the submerged body oriented at 7.5°, 15°, 

and -15° show a decrease in wave amplitude that is greater than 75% when comparing 

the waves before the submerged body to after the submerged body. This indicates that 

a significant amount of wave energy is being dissipated by the submerged body within 

the model.  

D. BODY ORIENTATION COMPARISON 

The final analysis was performed to compare the modelling behavior and forces on 

the body when the central axis of the body was placed at an angle while in the low position. 

This analysis, done in sections, includes rigid body models oriented with a 7.5°, 15°, 

and -15° angle as well as an immersed solid model angled at 7.5°. For all models, the body 

coordinate system and the corresponding orientation of the forces is maintained consistent 

with the horizontal bodies, meaning that the x-, y-, and z-, axes are maintained parallel to 

the global coordinate system. Additionally, the wedge motion and generated waveform 

were maintained consistent with previous sections. 

Figure 43, Figure 44, and Figure 45 show the non-dimensionalized drag force, lift 

force, and moment on the submerged body modeled using the rigid body method, 

comparing the horizontal models at equivalent depth to when the body was angled at 7.5° 

and 15°. In all instances using the rigid body method, the forces and moment on the angled 

bodies were reduced when compared to the horizontal model, with the exception of the 

non-dimensionalized drag force on the body with a 15° up angle. The most likely cause for 

the reduction of forces is the high amount of wave dissipation discussed previously.  
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Figure 43. Non-dimensionalized drag force comparison for rigid body models 

with up angle 

 
Figure 44. Non-dimensionalized lift force comparison for rigid body models  

with up angle 
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Figure 45. Non-dimensionalized moment comparison for rigid body models with up 

angle 

Further investigation into the 15° up angle model provided evidence that the 

significant angle of the body as well as the position beneath the surface is causing the 

waveforms to be disrupted as it travels over the body. As shown in Figure 46, the wave 

shape is clearly disrupted by the body causing increased dispersion of the water on the 

water-air interface and less apparent sinusoidal behavior of the interface.  
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Figure 46. Waveform over rigid body with 15° up angle  

Additional evidence of waveform interruption is shown by examining the velocity 

vectors of the model, shown in Figure 47. The black lines indicate the direction of fluid 

velocity and the blue bands with contour lines at the top of the image indicate the air-water 

interface. The velocity of the wave is clearly being disrupted by the submerged body. This 

will dissipate a significant amount of energy at the front of the body, resulting in waveform 

deterioration.  

 
Figure 47. Velocity vectors around rigid body with 15° up angle   
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Additional comparisons were conducted with the rigid body at a 15° down angle. 

The non-dimensionalized drag force, lift force, and moment are shown in Figure 48, Figure 

49, and Figure 50. The dynamic forces and moment imparted on the submerged body in 

this model are greatly reduced as compared to those from the horizontal models. The 

significant amount of wave energy dissipation shown Table 1 is the most likely cause. The 

rigid body model with a 15° down angle had the largest drop in wave amplitude when 

comparing the stations before the body and after the body. This amount of energy 

dissipation would result in less energy being imparted to the body from the wave, resulting 

in an overall reduction in body forces and moments. 

 
Figure 48. Non-dimensionalized drag force comparison for body with down angle 
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Figure 49. Non-dimensionalized lift force comparison for body with down angle 

 
Figure 50. Non-dimensionalized moment comparison for body with down angle 
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An immersed solid model with a 7.5° up angle was then compared to the rigid body 

model with a 7.5° up angle to determine if the modeling techniques would produce similar 

results. Similar to the previous analysis, three points were used midbody at 0.01 meter, 

0.04 meter, and 0.06 meter above the upper surface, shown in Figure 51. The total velocity 

behavior between the two models at these data points was very different as observed in 

Figure 52. This discrepancy prompted a comparison of the transient behavior of the 

velocity vectors in the vicinity of the forward nose of the body. The transient velocity 

vectors for the rigid body model are shown in Figure 53, Figure 54, and Figure 55 and for 

the immersed solid model are shown in Figure 56, Figure 57, and Figure 58. 

 
Figure 51. Location of data points used for 7.5° up angle comparison 
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Figure 52. Total velocity comparison between models with 7.5° up angle 
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Figure 53. Transient velocity vectors for rigid body model with 7.5° up angle 

(6.00 – 6.30 sec) 
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Figure 54. Transient velocity vectors for rigid body model with 7.5° up angle 

(6.45 – 6.75 sec) 
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Figure 55. Transient velocity vectors for rigid body model with 7.5° up angle 

(6.90 – 7.05 sec) 
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Figure 56. Transient velocity vectors for immersed solid model with  

7.5° up angle (6.00 – 6.30 sec) 
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Figure 57. Transient velocity vectors for immersed solid model with  

7.5° up angle (6.45 – 6.75 sec) 
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Figure 58. Transient velocity vectors for immersed solid model with  

7.5° up angle (6.90 – 7.05 sec) 
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Similar to the behavior observed with the horizontal body in the lower position, the 

rigid body model shows the velocity vectors impinging on the body. This causes 

disturbances in the flow field in the immediate area of the body. Conversely, the immersed 

solid model does not have this interaction and the velocity vectors are significantly 

smoother around the body. 

This distinction in body interaction is due to the difference in nature of the modeling 

methods. The immersed solid model does not allow particles to interact with the walls of 

the immersed solid. Instead, the particles along the immersed solid domain are tracked 

based on the fluid velocity which is driven to match the velocity of the immersed solid 

domain. In this model, the immersed solid domain is stationary, and so the fluid is driven 

to be stationary at the wall of the body. However, the particles cannot impinge upon the 

body as is being observed with the rigid body model. An enlarged view of this fluid 

particle-to-rigid body interaction is shown in Figure 59. 

 
Figure 59. Rigid body velocity vectors showing fluid interaction with rigid body 
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An additional comparison of the two models was assessing the transient dynamic 

pressure behavior. Transient dynamic pressure contour lines for the rigid body model are 

shown in  Figure 60 and Figure 61 and the dynamic pressure contour lines for the immersed 

solid model are in Figure 62 and Figure 63. In these contour lines, all figures have the same 

scaling. As seen previously, the immersed solid model produces dynamic pressure contours 

that are more continuous while the rigid body model results in patchy dynamic pressure 

contours. Additionally, unlike the previous model, the dynamic pressure pockets formed 

around the body are not consistent. All of the rigid body timesteps show pockets of higher 

pressure located underneath the rigid body, while the immersed solid model does not. The 

immersed solid model also shows a high dynamic pressure bubble forms along the upper 

tip of the body as the wave passes over it, while the rigid body does not show this high-

pressure bubble.  

As dynamic pressure is heavily dependent on velocity, it is likely that some of the 

discrepancy in behavior between the rigid body and immersed solid dynamic pressure 

contours is due to the difference in fluid to body interaction between the models described 

previously. 
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Figure 60. Transient dynamic pressure contours for rigid body model 

with 7.5° up angle (6.00 – 6.45 sec) 
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Figure 61. Transient dynamic pressure contours for rigid body model  

with 7.5° up angle (6.60 – 7.05 sec) 
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Figure 62. Transient dynamic pressure contours for immersed solid model  

with 7.5° up angle (6.00 – 6.45 sec) 
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Figure 63. Transient dynamic pressure contours for immersed solid model  

with 7.5° up angle (6.60 – 7.05 sec) 
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The final comparison is to assess the impact on the submerged body using the non-

dimensionalized drag force, lift force, and moment. The graphs of these values from the 

7.5° up angled rigid body and immersed solid models as well as the horizontal rigid body 

and immersed solid models are shown in Figure 64, Figure 65, and Figure 66. 

 
Figure 64. Non-dimensionalized drag force comparison for body with 7.5° up angle 
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Figure 65. Non-dimensionalized lift force comparison for body with 7.5° up angle 

 
Figure 66. Non-dimensionalized moment comparison for body with 7.5° up angle 
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As already discussed, the rigid body model shows a decrease in body forces and 

moment when the body is angled as compared to the horizontal body. The immersed solid 

model actually shows a slight increase in body forces and moment when the body is angled. 

The reason for this discrepancy is due to the difference in wave energy dissipation between 

the rigid body model at 79.2%, and the immersed solid model at 39.8%. It is likely the 

different methods of modeling fluid-body interaction is what is causing this difference in 

energy dissipation despite the bodies being oriented in the same manner. 
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IV. CONCLUSIONS AND RECOMMENDATION 

CFD modeling has the potential to decrease development costs by providing a 

mechanism to perform assessments and trade-off analyses without requiring significant 

physical experimentation. In order to support this, accurate FEA models must be 

developed. Additionally, it would be beneficial for the models to be simple to modify  

and be small enough to support quick runtimes while maintaining fidelity to provide 

realistic results. 

In support of these goals, a model of the NPS tow tank with wave generation and a 

submerged body was created in commercial CFD software, ANSYS CFX. The goal was to 

determine if a different method of modeling the submerged body could result in improved 

ease of modification while maintaining accurate results. The two methods of body 

formation investigated were the rigid body method and the immersed solid method. The 

rigid body method has been used in the past with accurate results; however, the immersed 

solid method is much easier to modify by the user. 

The comparison of the two different methods of body modeling showed different 

results depending on the situation. When the case being modeled had less higher energy 

fluid to body interaction, as was the case in the horizontal model at a lower position, the 

rigid body model and the immersed solid model produced similar results for velocities and 

forces and moment on the body. However, when the environment being modeled resulted 

in higher energy fluid to body interaction, as was the case with the horizontal model at a 

higher position and the angled models, the velocity, dynamic pressure, and body forces and 

moment produced by the two models was significantly different. 

An analysis of the transient behavior between the two models shows that in the 

rigid body model, the fluid is interacting with the body occasionally resulting in flow 

reversal that significantly impacts velocity and dynamic pressure distribution along the 

body. The methodology of the immersed solid model does not allow this fluid body 

interaction. Instead, the immersed solid forces the fluid that touches the solid to be at the 

same velocity as the solid. The difference in modeling results in smoother velocity vectors 
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with no localized flow reversals from fluid-body interactions. With different velocity 

profiles and dynamic pressure contours, the body forces and moment between the two 

models will also be different. 

Although the difference in behavior between the two modeling techniques can be 

explained, the accuracy of a CFD model using immersed solid body formation 

methodology is undetermined. As this method of CFD modeling within ANSYS has the 

potential to increase the speed and ease with which changes are made to body within the 

model, additional efforts should be made to assess and improve the accuracy of this 

modeling method. Additionally, more work should be performed to refine the delineation 

of choice between the two modeling methods within the field of submerged body modeling, 

as both may be better suited for specific situations. 
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