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SUMMARY 

A 1/8.25 scale-model of the U.S. Navy Research Vessel ATHENA was tested in calm water and regular 
head-sea waves in order to obtain data for validation of computational fluid dynamics predictive tools.  The 
experiments were performed in the David Taylor Model Basin of the Naval Surface Warfare Center (NSWC).  
Calm water data was obtained over a range of Froude numbers from Fn=0.14 – 0.84, and head-sea data was 
obtained at two Froude numbers, Fn=0.25 and Fn=0.43. The model was run at two conditions of head-sea waves 
corresponding to λ=L/2 and λ= 2L with H/ λ=0.03.  The 5.69-meter model was instrumented with six-component 
“Kistler” force gages, located at x/L=0.25 and x/L=0.81.  An array of sonic wave probes were placed around the 
model to quantify the incoming waves as the model was towed down the basin. Predictions of the horizontal and 
vertical loads on the model in regular head sea waves were made with the Numerical Flow Analysis (NFA) code at 
SAIC.   

 
1. INTRODUCTION 
 NSWC Model 5365 is a 1/8.25 scale model of 
the U. S. Navy Research Vessel Athena. The R/V 
Athena is a converted PG-84 Asheville-class patrol 
gunboat which is operated out of Naval Surface Warfare 
Center - Panama City Division as a high speed research 
vessel. A photograph of the R/V Athena is shown in 
Figure 1. In conjunction with the model-scale 
experiments presented here in this paper, the Office of 
Naval Research (ONR) funded a set of full-scale 
experiments aimed at quantifying the breaking bow wave 
of this vessel (1).  
 Model  5365 has recently been used  by ONR as 
a candidate hull form to evaluate predictive 
Computational Fluid Dynamics (CFD) codes (2). Two 
features of this model design have contributed to 
increasing interest in this hull form for CFD validation:  
the large speed range of the model, corresponding to 6 - 
35 knots full scale, representing a Froude number range 
from 0.14 - 0.83, including displacement and planing 
speeds; and the transom stern geometry of the hull form, 
realistic of a naval combatant. 

Figure 1 – The R/V Athena 
 
  
 

 
 
 
A large quantity of data has been obtained on the model 
in calm water, including resistance, sinkage and trim, 
and longitudinal wave cuts (3). The natural extension of 
this data set was a comprehensive set of loads data 
obtained on the model fixed at a sinkage and trim 
condition representative of the model/ship operating 
sinkage and trim, over a range of incoming wave 
heights. This data set would enable CFD code 
developers to validate the model loads with their code 
before extending the predictions of the free-model 
motion in waves.  
 
2. MODEL CHARACTERISTICS  
 Model 5365 was built in 1979 at the Naval 
Surface Warfare Center, and was fabricated out of 
wood. Model and full scale ship characteristics are 
shown in Table 1.  A photograph of the model attached 
to the carriage is shown in Figure 2, and a rendering of 
the hull form from the CFD grid model is shown in 
Figure 3.  
  

 
Table 1:  Model 5365 and Full-Scale (R/V Athena) Hull 

Form Characteristics 
 

 Model Scale Full Scale 
Displacement  397 kg (875 lbs) 229 metric tons  

(225 long tons) 
Draft (hull) 0.19 m (0.618 ft) 1.6 m (5.1 ft) 
Maximum 
Beam 

0.84 m (2.74 ft) 6.9 m (22.6 ft) 

Transom 
Beam 

0.70 m (2.3 ft) 5.8 m (19.0 ft) 

LBP  5.69 m (18.67 ft) 46.9 m (154.0 ft) 
Scale Ratio 8.25  
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Figure 2 – Model 5365 attached to the towing carriage 

 
Figure 3 – Rendering of Computer-Aided-Design IGES 
file of Model 5365 
 
3. THE TOWING BASIN AND WAVE 
GENERATION CAPABILITY 
 

The model was tested in the Carriage 2 Basin at 
the Naval Surface Warfare Center, Carderock, Maryland, 
USA. This deep water basin is 6.7 meters deep, 
approximately 575 meters long and 15.5 meters wide. A 
pneumatic wavemaker is located at one end, and a wave-
absorbing beach at the other.  Behind a moveable section 
of the beach is a fitting-out dry dock.   

The pneumatic wavemaker is a 15.5 meter 
wavemaker dome divided into two equal length sections, 
connected to a centrifugal type blower. The blower is 
driven by a 112 kW variable speed DC electric motor.  
The wavemaker can generate regular waves from 1.5 to 
12.2 meters in length, with corresponding peak wave 
heights of 10 to 61 cm.   
 
4. INSTRUMENTATION 
 
 Instrumentation used during this model test 
included Kistler 6-component force and moment gages, 
to measure the forces on the model, and sonic wave 
height probes to measure the frequency and amplitude of 
the incoming waves. The data was collected using 
LabView software, a National Instruments product.  In 
conjunction with this collection software, National 

Instruments hardware, consisting of a CPU and  A/D’s 
were also used.  Details of the specific instrumentation 
is included in the following sub-sections. 
 
4.1 KISTLER 6-COMPONENENT FORCE GAGE 
 The Kistler force gages are piezoelectric force 
sensors with integrated charge amplifier electronics,  
sandwiched inside stainless steel plates, and pre-loaded 
according to the manufacturer’s specifications. The 
gages were located in the model at two positions. The 
forward Kistler gage was located at  x/L=0.25 and the 
aft gage at x/L=0.81.  The primary data obtained from 
the gages for this experiment, were average and peak  x-
force and z-force.  This data was collected at 100 Hz.  
 
4.2 SONIC WAVE HEIGHT PROBES 
  Wave height measurements were taken using 
Senix TS-15S-IV ToughSonic distance sensors.  These 
sensors emit an ultrasonic pulse that bounces off of the 
water, and the return pulse is then read using a piezo-
electric element.  Using the speed of sound, the sensor is 
able calculate the distance to the water surface. The 
ToughSonics can measure distances from 10 to 360 
inches, with an accuracy of 0.12 cm.   The sampling rate 
of the ToughSonics used in these experiments was set to 
10 Hz.  
 
5. EXPERIMENTAL CONDITIONS 
 
 Data were obtained on the model, first, at a 
free-to-sink-and-trim condition. This data provided a 
resistance curve and a sinkage and trim curve over a 
Froude number range from Fn=0.14--.84 for the model 
running in calm water. It was from this data that the at-
speed sinkage and trim used in the fixed trim 
experiments in waves, could be specified (3).  
 The model was then run at two speed-
determined fixed trim conditions for two wave 
conditions and at two Froude numbers. These conditions 
are summarized in Table 2.  The wave conditions were 
chosen such that the wave slope value, H/λ, was equal 
to 0.03 for all the waves.  
 
Table 2: Test Matrix for Model 5365 in Head Sea 
Waves 
Froude 
Number 

Head Sea 
Wave 
Length 

Target 
Wave 
Height 
(peak-to-
trough) 

Target 
Wave 
Period 

    
0.25 L/2 9.14 cm 1.3 sec 
0.25 2L 32.8 cm 2.7 sec 
    
0.43 L/2 9.14 cm 1.3 sec 
0.43 2L 32.8 cm 2.7 sec 
Note:  model length, L = 5.69 meters 
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6. DISCUSSION OF DATA 
 
6.1 FREE-TO-SINK AND TRIM DATA 
 
 The free-to-sink and trim data is presented here 
to document the speed effects of resistance and trim for 
this hull form. Figure 4 shows a curve for total model 
resistance vs. Froude number and Figure 5 shows the 
trim coefficient curve over the same speed range. 
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Figure 4 – Model 5635 Total Resistance over a Range of 

Froude Numbers 
 

Model 5365 Historic Trim Coefficient Data
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Figure 5 – Model 5365 Trim Coefficient over a Range of 

Froude Numbers 
 

6.2 FIXED TRIM DATA 
 
 The data analysis software, MATLAB, was 
used to analyze the fixed trim data. Maximum 
amplitudes of the wave height, drag force and vertical 
force were found for each data spot.  Drag and z-forces, 
measured at the separate forward and aft gages were 
added to produce total forces on the model. A sample 
time history, including a wave time-history from the 
sonic probe located at the bow of the model, as well as 
horizontal and vertical loads at the forward and aft gage 
locations, and model trim, is shown in Figure 6.  
 The data was analyzed to compute the drag 
force and vertical force at each model condition. A 
summary of the experimentally measured forces is 
presented in Table 3. This table shows that the vertical 
force is almost constant with similar wave amplitudes, 
regardless of model speed. The average peak drag force, 

however, increases with both increasing speed and 
increasing wave amplitude. 

Figure 6 – Sample Data Plot; Incoming Wave Height, 
Drag, Vertical Force, Vertical Displacement at the 

Forward and Aft Perpendicular 
 
 

Table 3 – Summary of Peak-Peak Vertical Forces 
Obtained on Model 5365 in Head-Sea Waves 

 
 
 
7. NUMERICAL SIMULATION USING 
NUMERICAL FLOW ANALYSIS (NFA) 
 
7.1 INTRODUCTION TO NFA 
 
 Predictions of the horizontal and vertical loads 
on the model in regular head sea waves were made with 
the Numerical Flow Analysis (NFA) code at SAIC at 
Fn=0.43.  This code provides turnkey capabilities to 
model breaking waves around a ship, including both 
plunging and spilling breaking waves, the formation of 
spray, and the entrainment of air.   Cartesian-grid 
methods are used to model the ship hull and the free 
surface.  Following Puckett, et al., (4) and Sussman and 
Dommermuth (5), a cut-cell method is used to enforce 
free-slip boundary conditions on the hull.  A surface 
representation of the ship hull is used as input to 
construct fractional areas and volumes.  The interface 
capturing of the free surface uses a second-order 
accurate, volume-of-fluid technique.   At each time step, 
the position of the free surface is reconstructed using 
piece-wise planar surfaces as outlined in Rider, et al. 
(6).  A second-order, variable-coefficient Poisson 

Fn Wave 
Amplitude 
(cm) 

Average 
Peak  
Vertical 
Force 
(newtons) 

Average 
Peak 
Drag 
Force 
(newtons)  

    
0.25 9.65 76.5 71.2 
0.25 30.73 2687.6 387 
    
0.43 9.65 50.5 182.4 
0.43 33.52 2995.3 547.1 
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equation is used project the velocity onto a solenoidal 
field thereby ensuring mass conservation. A 
preconditioned conjugate-gradient method is used to 
solve the Poisson equation.   Details of a similar 
projection operator are provided in Puckett, et al. (4). 
The convective terms in the momentum equations are 
accounted for using a slope-limited, third-order QUICK 
scheme as discussed in Leonard (7). The governing 
equations are solved using a domain decomposition 
method.  Communication between processors on the 
Cray T3E is performed using Cray’s shared memory 
access library.   The CPU requirements are linearly 
proportional to the number of grid points and inversely 
proportional to the number of processors. 
   
7.2 MATHEMATICAL FORMULATION 
 
 The right-handed coordinate system is located 
at the forward perpendicular of the ship.  is positive 
forward, and 

x
z  is positive upward.   The length of the 

ship, Lo, is used to normalize all length scales, and the 
speed of the ship, Uo , is used to normalize all velocity 

quantities.   The Froude number is Fr = Uo / gLo .  A 
two-phase formulation of the Navier-Stokes equations is 
used to model a ship moving with constant forward 
speed with incident waves.  The frame of reference is 
fixed with respect to the ship. Details of the 
mathematical formulation are provided in Dommermuth, 
et al. (8).  Here, we highlight the formulation of a 
wavemaker.   Let η(x, t)  denote the free-surface 
elevation as function of position  and time x t , then 

η(x,t)=a f (t)cos(kx+σ t)+
a

2
kaf (t) cos(2kx+2σ t) 

(1) 
where  is the wave amplitude, a k  is the wavenumber, 
and σ  is the encounter frequency.  The preceding 
formula is accurate to second order in wave steepness.  
f (t) is an adjustment factor that slowly ramps up the 

wave amplitude. 

f (t) =1− exp(−(
t

To

)2)  ,                (2) 

where  is the adjustment period.  The encounter 
frequency is a function of the intrinsic wave frequency 

To

ω , the wavenumber , and the speed of the shipk u(t): 
 

σ = ω − k u(t) ,                           (3) 
 

where the normalized intrinsic wave frequency is 

ω 2 =
k

Fr2 .                                (4) 

The speed of the ship is slowly ramped up from rest 
using the adjustment factor. 

u(t) = − f (t)                   (5) 
For z < η, the horizontal and vertical components of the 
water-particle velocity in infinite depth are 

 
u(x,z,t) = −aω f (t) exp(k z)cos(k x + σ t)

w(x,z,t) = −aω f (t) exp(k z)sin(k x + σ t) .
 (6) 

 
For z > η, the horizontal and vertical components of 
the air-particle velocity in infinite height are 

 
u(x,z,t) = aω f (t) exp(−kz)cos(k x+σ t)

w(x,z,t) =−aω f (t) exp(−kz)sin(k x+σ t) .       (7)
 

 
The horizontal water-particle velocity is discontinuous 
across the air-water interface, and the vertical water-
particle velocity is continuous across the air-water 
interface. 
 
7.3  NUMERICAL DETAILS 
 
  A three-dimensional numerical simulation was 
performed using 850x192x128= 20,889,600 grid points, 
5x8x4=160 sub-domains, and 160 nodes has been 
performed on a Cray XT3.  The length, width, depth, 
and height of the computational domain are respectively 
4.0, 1.0, 1.0, 0.5 ship lengths ( Lo).  Grid stretching is 
employed in all directions.  The smallest grid spacing is 
0.0020 Lo near the ship and mean waterline, and the 
largest grid spacing is 0.020 Lo in the far field.  The 
Froude number is Fr . Two incident 
wavelengths are considered: 

= 0.4316
λ /Lo = 2  and 

λ /Lo =1/2.   In both cases, the wave steepness 
is H /λ = 0.06, where H = 2a is the wave height. 
The equations for the wavemaker are imposed ahead of 
the ship over the range 1 . Initial transients 
are minimized by slowly ramping up the free-stream 
current and the incident wave amplitude. For this 
simulation, the non-dimensional time step is t=0.0005.  
The numerical simulation runs 10,000 time steps 
corresponding to 5 ship lengths.  Each simulation 
requires about 80 hours of wall-clock time. 

≤ x ≤1.5

 
7.4 NUMERICAL RESULTS AND COMPARISONS 
WITH EXPERIMENTAL DATA 
 
 Figures 7 and 8 show perspective views of the 
predicted free-surface elevations at time  for the 
two wave amplitudes which were modeled. 

t = 5

 The predicted and measured free-surface 
elevations as a function of time at  are shown in 
Figures 9 and 10.  The predicted free-surface elevations 
are ramped up to their full height.  This minimizes 
transients associated with starting up the numerical 
wavemaker.  The measured free-surface elevations show 
slight irregularities that are associated with limitations 
with the wavemaker at NSWCCD. 

x =1.5
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Figure 7 - Wave elevation. λ /Lo =1/2 

 
 

 
Figure 8 - Wave elevation. λ /Lo = 2  

 

 
Figure 9 – Wave elevation at . x =1.5 λ /Lo =1/2 

 

 
Figure 10 – Wave elevation . x =1.5 λ /Lo = 2  

 
 

Figures 11 and 12 show the predicted drag force 
compared to measurements. In the case of the numerical 
simulations, the drag is initially zero because the model 
is ramped up to full speed from zero forward speed.   
The primary harmonics that are evident in the plots are 
due to the incident wave forces.   We speculate that the 
higher harmonics that are evident in the laboratory 
results, which are especially evident for the longer 
wave, are due to vibrations in the structure that is used 
to restrain the model.   In general, numerical predictions 
and laboratory measurements agree well. 

 

 
Figure 11 –  Drag (Surge) force. λ /Lo =1/2 
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Figure 12 -  Drag (Surge) force. λ /Lo = 2 . 

 
Figures 13 and 14 show the predicted vertical force 
compared to measurements. The displacement has been 
subtracted out from the results.   As the model ramps up 
to full speed, a mean suction force is induced on the 
model.   The oscillatory portion of the force is dominated 
by hydrostatics.  Once again, numerical predictions and 
laboratory measurements are in good agreement.  

 

 
Figure 13 – Vertical (Heave) force. λ /Lo =1/2 

 

 
Figure 14 - Vertical (Heave) force. λ /Lo = 2 . 

 
 
 
8. CONCLUSIONS 
 
Using Model 5365, a 1/8.25 scale model of the R/V 
Athena,  a comprehensive data set of wave-induced drag 
and vertical forces has been obtained at Froude numbers 
equal to 0.25 and 0.43.  This data set and the iges files 
of the trimmed model geometry are available to the 
international CFD community. 
At Fn=0.43, the experimental data was compared with 
predictions from the Numerical Fluid Analysis Code 
(NFA), developed at SAIC. Good agreement was found 
between the code predictions and the experimental data 
for both the surge (drag) force and the vertical (heave) 
force at wave amplitudes of λ/L0=1/2 and λ/L0=2. 
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