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ABSTRACT

A Reynolds-Averaged Navier-Stokes (RANS) computer
code CFDShip-Iowa was used to calculate the flow field
around the Joint High Speed Sealift (JHSS) bare hull and
bare hull with axial-flow waterjets. The JHSS bare hull,
with no shafts or struts, is used for baseline calculations.
Then the waterjet is added to characterize its effect on the
viscous flow field around the ship. The computational grid
around the bare hull consists of a hyperbolically generated
grid near the hull surface, where the near wall spacing is
set to yieldy+ < 1. The grids around the waterjets utilize
an overset grid technique that overlaps the hull surface with
the waterjet inlet and outlet openings. In the bare hull, re-
sistance values at various model scale speeds are calculated
with the hull free to sink and trim. Predicted resistance,
sinkage and trim are compared with measurements. In the
case of bare hull with axial-flow waterjets, steady state cal-
culations for two model scale speeds are made with the hull
fixed at a given sinkage and trim and compared with the
experimental data. The free surface is included in the com-
putations for both cases.
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1 INTRODUCTION

In recent years computational methods requiring large
computer codes have been developed for evaluating wa-
terjet performance for surface ships. These computational
methods need to be compared with experimental data to
validate the computer code. The purpose of this numerical
study is to present the results of an investigation to com-
pare the results of experiments performed on the Joint High
Speed Sealift (JHSS) bare hull with axial-flow waterjets in
a towing tank at Naval Surface Warfare Center, Carderock
Division, with the results of corresponding calculations.

Only a limited amount of validation of Computational
Fluid Dynamics (CFD) codes for calculating the viscous
flow for a bare hull with waterjets has been accomplished
at this time. The validation of a CFD code must start with
the relatively simple case of the flow around a bare hull
free to sink and trim at a constant Froude number. After

the code is validated for this simple case, it should then be
validated for the case of a bare hull with waterjets fixed at
a given sinkage and trim.

The results of the calculations were compared with the re-
sults of experiments performed in the straight-line basin
on Towing Carriage 2 at the Naval Surface Warfare Cen-
ter, Carderock Division. Measurements include resistance
data, dynamic sinkage and trim and wall pressure and
Laser-Doppler Velocimetry (LDV) measurements at Sta-
tion 1, ahead of the inlet, Station 3, just ahead of the pump,
and Station 6, just downstream of the nozzle as shown
in Figure 1. The computed resistance coefficient, sink-
age and trim are compared with the experimental data for
the case of the JHSS bare hull. For the case of the JHSS
bare hull with axial-flow waterjets, the computed boundary
layer profile at Station 1 is compared with the measured
one. To account properly for the mass flow rate that was
measured in the experiment, the computations of veloc-
ity contours at Station 3 are compared with measurements.
Then streamlines entering the waterjet are traced back to an
upstream slice plane to obtain the capture area of the water-
jet. This computed area is compared with the trapezoidal
capture area used with measurements.

2 DESCRIPTION OF EXPERIMENT

Detailed flow measurements around the Joint Highs Speed
Sealift (JHSS) hull were conducted in the towing basins
(Jessup et al., 2008). The model configurations were tested:
bare hull with four propellers and strut appendages, bare
hull with axial-flow waterjets, and bare hull with mixed-
flow waterjets. To accomodate these configurations, three
hull variants were designed with a gooseneck bow and dif-
ferent transoms as shown in Figure 2. The total length of
the JHSS bare hull,L, is 979.4 ft and the beam,B, 104.81
ft. Wall pressure and Laser-Doppler Velocimetry (LDV)
measurements were performed at Station 1 (x/L = 0.93),
ahead of the inlet, Station 3 (x/L = 0.993), just ahead of
the pump, and staton 6, just downstream of the nozzle. Re-
sistances for the JHSS bare hull and the dynamic sinkage
and trim for both the bare hull and the bare hull with water-
jets were measured at a full scale speed of 15 to 45 knots
(the corresponding Froude numberFr of 0.14 to 0.43).



(a) ITTC definition of measurement stations (Terwisga, 2002)

(b) LDV and pressure tap locations (Jessup et al., 2008)

Figure 1: Waterjet measurement stations

(a) Bow bulb

(b) Various transom shapes

Figure 2: Bow bulb and transom shapes for different types
of waterjet hulls (Jessup et al., 2008)

3 COMPUTATIONAL ANALYSIS

3.1 RANS Code

In this numerical study, the incompressible unsteady
Reynolds-Averaged Navier-Stokes (URANS) code
CFDShip-Iowa (Paterson et al., 2003) is used to cal-
culate the flow field around the JHSS bare hull with
axial-flow waterjets. The convective and viscous terms
are discretized with a finite difference approach using a
second-order upwind scheme and a second-order central
difference scheme, respectively. The time is discretized
by a second-order backward difference. A pressure-
implicit-split-operator (PISO) (Issa, 1986) algorithm is
used to obtain a pressure equation and satisfy continuity.
The turbulence closure is accomplished using a blended
k-ω/k-ε model (Mentor, 1993). The code uses structured
dynamic overset grids that allow for the relative motion
between blocks, and it simulates free-surface flow with a
single-phase level set method. For waterjet calculations,
the waterjet is idealized as an actuator disk based on the
momentum theory. This approach allows to perform a first
level analysis of the waterjet performance, but does not
require to model the details of the flow environment.

3.2 Computational Grids

Figure 3 shows a computational domain with boundary
conditions used for the calculation of viscous flow around
the JHSS bare hull with and without axial-flow waterjets. It
illustrates a typical dynamic overset grid in which the mov-
ing hull grid assembly is embedded in a stationary back-
ground grid. Overset grid assembly for the bare hull, wa-
terjets, and background grids is shown in Figure 4. The
computational grid around the bare hull consists of a hy-
perbollically generated grid near the hull surface, where
the near wall spacing is set to yieldy+ < 1. The grids
around the waterjets utilize an overset grid technique that
overlaps the hull surface with the waterjet inlet and outlet
openings. Figures 5 to 7 show grid topology for the bare
hull with waterjets used by Structured, Unstructured, and
Generalized overset Grid AssemblerR (SUGGAR) (Noack,
2006) to assemble overset grids for dynamic sinkage and
trim simulations. At each time when the hull grid moves
relative to the fixed background grid, SUGGAR assembles
newly overlapped grid by identifying hole points within the
grids. To simulate accurately the moving body the oveset
composite grids require an efficient hole-cutting alogrithm
because the process of assembling this new grid is repeated
at each time step in the solution. This iterative process can
be very time-consuming in particular for relatively com-
plex geometries such as a bare hull with waterjets or with
appendages with a large number of grid points. In this pa-
per, two computational grids are considered: a grid for the
bare hull free to sink and trim, and another grid for the bare
hull with axial-flow waterjets in a fixed sinkage and trim
condition.



Figure 3: A computational domain used for the calculation
of viscous flow around the JHSS barehull with and without
axial-flow waterjets

(a) Longitudinal and transverse cut planes through the hull

(b) Close-up view of overset grid around the waterjets

Figure 4: Overset grid assembly showing the JHSS bare
hull, axial-flow waterjets and background grids

(a) View of the JHSS bare hull with inlets

(b) Surface grid on the waterjets

Figure 5: JHSS bare hull with axial-flow waterjets



(a) Surface grids on the waterjets and hull

(b) Waterjet boundary mesh

Figure 6: Waterjet volume grid

(a) Hull and inlet areas before hole-cutting

(b) Hull and inlet areas after hole-cutting

Figure 7: Hole-cut region of the hull and waterjets grids



Table 1: JHSS axial-flow waterjet grid assembly

Block name Grid points

Hull 6,839,601
Outboard waterjet 2,065,516
Inboard waterjet 2,028,486

Refinement 1,393,532
Background 2,556,488

Total 14,883,623

3.3 CPU Run Time

Table 1 shows a number of computational grid points used
for simulations of the flow field of the JHSS bare hull
with axial-flow waterjets. The computational grids are
evenly distributed among 216 Message Passing Interface
(MPI) processors on the IBM Power 5+ System at the De-
partment of Defense High Performance Computing Mod-
ernization Office (DOD-HPCMC) at Naval Oceanographic
Office (NAVO). MPI tasks are usually performed across
multiple processors, with each processor working on its
own data and communicating with its neighboring nodes
associated with the block boundary interfaces. Based on
the computation with 216 CPU’s, the run time is about 60
hours for 3000 time steps.

4 DISCUSSION OF RESULTS

4.1 Bare Hull Free to Sink and Trim

Table 2 shows a computational grid size used for the bare
hull calculations. The bare hull grid assembly is similar to
the one shown in Figure 4(a) except for the waterjets taken
out. Table 3 shows test conditions selected for the calcula-
tions of the bare hull model free to sink and trim. Four full-
scale forward speeds of 7.22, 8.67, 10.40, and 12.14ft/sec

are considered here for comparison of measured sinkage,
trim and resistance values. For these calculations, the bare
hull grid is freely moved so that at each time step the net
heaving force and the trimming moment on the hull are cal-
culated. Then, the corrections to the sinkage and trim val-
ues are determined to balance out this force and moment.
SUGGAR uses these corrected sinkage and trim values to
assemble the overset grid system. This iterative process
continues until net heaving forceFz and trimming moment
My remains zero. Figure 8 shows the convergence history
of calculatedFz andMy coefficients at Froude number of
0.34. Table 4 and Figure 9 show the comparison of mea-
sured and calculated dynamic sinkage and trim values for
the bare hull model at various Froude numbers. All calcu-
lated results are in excellent agreement with measurements.
Table 5 shows the comparison of measured and calculated
total resistance and residuary resistance coefficients forthe
bare hull at various Froude numbers. Overall, the cal-
culated results show good agreement with measurements.

Table 2: A computational grid size used for the bare hull
calculations

Block name Grid size Grid points

Upper hull 163x66x33 355,014
Lower hull 185x66x95 1,159,950
Transom 33x66x63 137,214

Background 109x50x72 392,400

Total 2,044,578

Table 3: Test conditions selected for the calculations of the
JHSS bare hull

Ship Model Froude Reynolds
SpeedVS SpeedVM No. Fr No. Re

(kts) (ft/sec) (kts) (ft/sec) (x106)

25 42.20 4.28 7.22 0.24 19.45
30 59.08 5.14 8.67 0.28 23.35
36† 60.77 6.16 10.40 0.34 28.00
42† 70.90 7.19 12.14 0.39 32.00

(Note: † These two speeds are selected for simulations of
the bare hull with axial-flow waterjets)

Figure 10 shows the calculated free surface contours atFr

= 0.34. Figure 11 compares bare hull measurements and
RANS predictions of boundary layer thicknesses at Station
1 (x/L = 0.93), ahead of the inlet, atFr = 0.34. As can
be seen in Figure 11, RANS results show a thicker bound-
ary layer and exhibit no variation of streamwise velocity
along the hull width whereas measurements indicate that
the thickness of boundary layer changes in the vicinity of
the ship centerline.

Table 4: Comparison of measured and calculated dynamic
sinkage and trim for the JHSS bare hull case at various
Froude numbers

Froude Number Sinkage FP†(ft) Trim (deg)

Fr meas. calc. meas. calc.

0.24 1.37 1.42 -0.07 -0.08
0.28 2.24 2.15 -0.12 -0.14
0.34 3.53 3.29 -0.19 -0.18
0.39 2.54 2.96 +0.05 +0.03

(Note: † Forward Perpendicular. Measurements: (Jessup
et al., 2008))



(a) Fz vs. iteration number

(b) My vs. iteration number

Figure 8: Convergence history of calculated net heaving
forceFz and trimming momentMy coefficients for JHSS
bare hull free to sink and trim atFr = 0.34

Table 5: Comparison of measured and calculated total re-
sistance and residuary resistance coefficients for the JHSS
bare hull free to sink and trim at various Froude numbers

Froude No. Total Resistance Residuary Resistance
(lb) Coefficient (Cr x 1000)

Fr meas. calc. meas. calc.

0.24 15 14.3 0.9 0.8
0.28 20 19.6 0.8 0.71
0.34 30 27.9 0.9 0.8
0.39 50 47.6 1.8 1.5
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(a) Free surface contours around the bare hull

(b) Close-up view of the transom region

Figure 10: Calculated free surface contours for the JHSS
bare hull free to sink and trim atFr = 0.34 (153x66x33
(upper hull), 185x66x95 (lower hull), 33x66x63 (transom),
109x50x72 (background) grids)

4.2 Bare Hull with Axial-Flow Waterjets in a Fixed
Sinkage and Trim Condition

As mentioned in the computational grids section, a typi-
cal grid used for the waterjet calculations consists of a hull
block, outboard and inboard waterjet blocks, a refinement
block, and a background grid totaling about 15 million grid
points. Unlike the case of the bare hull free to sink and
trim, the bare hull with waterjets is fixed at a given sinkage
and trim atFr = 0.34 and 0.39. SUGGAR was used as a
preprocessor to change the position of the geometry and to
create the overset grid assembly used by CFDShip-Iowa.

The basic performance of the waterjet can be analyzed by
a simple approach known as the momentum flux method
described in the 23rd International Towing Tank Confer-
ence (Terwisga, 2002). This method allows for the evalu-
ation of the power, thrust, and efficiency characteristics of
the waterjet by treating the waterjet as a thin actuator disk
over which a pressure difference exists. For RANS cal-
culations, the actuator disk model is used to simulate the
waterjet pump by specifying thrust, torque, and advance
coefficients. Based on this information, the mass flow rate
through the waterjet is calculated and compared with mea-
sured one. This iterative process is repeated until the calcu-
lated value of the mass flow rate yields the measured value.
Figure 12 shows the free surface elevation plots around the
bare hull with waterjets atFr = 0.34 with close-up view
of the transom region showing the waterjets in action. Fig-
ure 13 shows the calculated pressure contours near the bow
and inlet openings atFr = 0.34. Figure 14 shows the cal-
culated free surface elevation near the bow region atFr =
0.34. Figure 15 shows the calculated axial velocity con-
tours atFr = 0.34.

To determine momentum and energy fluxes, the geometry
of the capture area needs to be defined by using a measured
or calculated velocity profile. The momentum flux method
greatly depends on the location of the waterjet inlet (Sta-
tion 1) and the shape and size of the capture area. RANS
can be a very useful tool in estimating the capture area by
tracing back streamlines entering the rotor (Station 3) to an
upstream slice plane (Station 1) as shown in Figure 16. Fig-
ures 17 and 18 show the calculated capture areas atFr =
0.34 and 0.39, respectively. These calculated capture areas
are compared with measurements as shown in Figures 19
and 20. Figures 21 and 22 compare the calculated axial
velocity contours at Station 3 atFr = 0.34 and 0.39, re-
spectively. The computation captures the overall trend in
the flow field with a lower velocity region at the top and
higher one at the bottom. It is noted that the computa-
tions are carried out without modeling a rotating shaft. The
measurements show a significant effect of a rotating shaft
on the axial velocity profile entering the rotor. Figure 23
shows the comparison of measured and computed free sur-
face elevation behind the waterjet nozzles at Fr = 0.34 (36
kt). The qualitative agreement between the measurements



Measurement Calculation

(a) Measured (left) and calculated (right) boundary layers

calc.
meas.

(b) Measured (line with solid circles) and calculated (line) streamwise
velocity profiles

Figure 11: Comparison of measured and calculated bound-
ary layers and streamwise velocity profiles for the JHSS
bare hull at Station 1 (x/L = 0.93) and atFr = 0.34

(a) Free surface contours around the bare hull with waterjets

(b) Close-up view of the waterjet nozzle area

Figure 12: Calculated free surface contours for the JHSS
bare hull with axial-flow waterjets atFr = 0.34 in a fixed
sinkage and trim condition



(a) Near the bow

(b) Near the inlet openings

Figure 13: Calculated pressure contours near the bow and
inlet openings for the JHSS bare hull with axial-flow wa-
terjets atFr = 0.34 in a fixed sinkage and trim condition

Figure 14: Calculated free surface elevation near the bow
for the JHSS bare hull with axial-flow waterjets atFr =
0.34 in a fixed sinkage and trim condition

(a) Around the hull

(b) Close-up view of the inlet openings

Figure 15: Calculated axial velocity contours for the JHSS
bare hull with axial-flow waterjets atFr = 0.34 in a fixed
sinkage and trim condition



x/L=0.93

x/L=0.993

Figure 16: Calculated streamlines traced out of the inlet
(x/L = 0.993) to an upstream slice plane at Station 1 (x/L

= 0.93) for the JHSS bare hull with axial-flow waterjets at
Fr = 0.34 in a fixed sinkage and trim condition

and the computations is good as shown in Figure 23.

5 CONCLUSIONS

Calculations were performed using a Reynolds-Averaged
Navier-Stokes (RANS) computer code to determine (1) the
resistance coefficient, sinkage and trim in the bare hull case
at variousFr numbers and (2) the capture area of the wa-
terjet at Station 1 and the rotor inlet flow at Station 3 in
the case of bare hull with axial-flow waterjets. In the case
of bare hull free to sink and trim, calculated dynamic sink-
age and trim values are in excellent agreement with mea-
surements. Calculated total resistance and residuary re-
sistance coefficients show good agreement with measure-
ments. RANS predicted a thicker boundary layer than mea-
surements at Station 1 atFr = 0.34. In the case bare hull
with axial-flow waterjets in a fixed sinkage and trim con-
dition, it has been demonstrated that RANS can be a very
useful tool in estimating the capture area by tracing back
streamlines entering the rotor (Station 3) to an upstream
slice plane (Station 1). The computation captures the over-
all trend in the flow field around the rotor with a lower ve-
locity region at the top and higher one at the bottom.
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(a) Capture area with streamlines

(b) Capture area without streamlines

Figure 17: Calculated capture area with and without
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(a) Capture area with streamlines

(b) Capture area without streamlines

Figure 18: Calculated capture area with and without
streamlines at Station 1 (x/L = 0.93) for the JHSS bare
hull with axial-flow waterjets atFr = 0.39 in a fixed sink-
age and trim condition

(a) Measurement

(b) Calculation
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axial-flow waterjets atFr = 0.34 in a fixed sinkage and trim
condition

(a) Measurement

(b) Calculation

Figure 20: Comparison of measured and calculated capture
areas at Station 1 (x/L = 0.93) for the JHSS bare hull with
axial-flow waterjets atFr = 0.39 in a fixed sinkage and trim
condition



(a) Measurement

(b) Calculation without a shaft

Figure 21: Comparision of measured and calculated rotor
inlet flow at Station 3 (x/L = 0.993) for the JHSS bare hull
with axial-flow waterjets atFr = 0.34 in a fixed sinkage
and trim condition

(a) Measurement

(b) Calculation without a shaft

Figure 22: Comparision of measured and calculated rotor
inlet flow at Station 3 (x/L = 0.993) for the JHSS bare hull
with axial-flow waterjets atFr = 0.39 in a fixed sinkage
and trim condition

(a) Measurement

(b) Computation

Figure 23: Comparison of free surface elevation behind
waterjet nozzle at 36 kt
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