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Forces, moment and wave pattern for surface combatant in regular
head waves
Part II. Measurement results and discussions
L. Gui, J. Longo, B. Metcalf, J. Shao, F. Stern

dition, which is determined in calm water condition for
each Fr (Longo and Stern 1998). Detailed information
regarding the data reduction, measurement system and
uncertainty assessment were provided in the ®rst part of
the paper (Gui et al. 2001).
As shown in Table 1, forces and moment data are
procured for a fairly wide range of conditions: low (0.19),
medium (0.28), mid-high (0.34), and high (0.41) Froude
numbers; small (0.025), small-median (0.05, 0.075), and
median (0.10) wave steepnesses; and short (1.524 m),
median (3.048 m), and long (4.572 m) wavelengths. The
encounter frequency fe varies from low (0.8 Hz) to high
1
(2.5 Hz). For seakeeping, the corresponding H/k covers
Introduction
The present work is part of an international collaborative very small (1/125), small (1/60), median (1/40) and midlarge (1/30) values. Since some combinations could not be
project between Iowa Institute of Hydraulic Research
conducted due to generation of extreme wave amplitudes
(IIHR), Insituto Nazinale per Studi ed Esperienze di
at the bow, the total number of test cases is 42. After
Architettura Navale (INSEAN) and DTMB on EFD/CFD
and uncertainty assessment for DTMB model 5415 (Stern observation and analysis of the forces and moment results,
a test case of median Fr (0.28), long k (4.572 m) and low
et al. 2000). The DTMB 5512 is a 3.048-m geosym of the
5.72-m 5415, which is a relatively modern (ca. 1980) surface Ak (0.025) is selected for the unsteady free-surface elevacombatant geometry and has been selected as an interna- tions, because this condition produces the most managetional benchmark for CFD validation by the International able linear response, especially, in the far®eld region. For
Towing Tank Conference (ITTC) and was used along with all Fr, tests are also conducted without waves, i.e., steady
cases. Test data and discussions are provided in Table 1.
modern tanker and container hull forms at the recent
Gothenburg 2000 Workshop on CFD for Ship Hydrodynamics (Larsson et al. 2000). The DTMB model 5512 used
2
was manufactured at DTMB from molded ®ber-reinforced
Results and discussion
Plexiglas and equipped with appendages (brass shafts and
struts and wooden rudders) and stainless-steel, twin
2.1
propellers, although the present tests are for the bare-hull
Incident wave
condition. The model is ®tted with studs at x  0.05 to
For all unsteady tests, time histories of the incident head
initiate transition to turbulent ¯ow. The studs are cylinwave (zI) are fundamentally important references for all
drical with a height of 1.6 mm height, a diameter of
other measured variables. In Fig. 1a, a sample time history
3.2 mm, spacing of 10.0 mm, and located at x  0.05. The
is presented for the median test case, i.e., Fr  0.28,
model is rigidly ®xed to the carriage using a single-point
Ak  0.05, k  3.048 m, where the incident head wave
mount and towed in the dynamic sunk and trimmed confrequency is fw  0.7155 Hz and the encounter frequency
fe is 1.2175 Hz. Note that the incident wave elevation in the
®gure represents a nearly perfect ®rst harmonic signal
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during the initial 8 s of the time history but is somewhat
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CM (Fig. 1d) as 0.4% for the median test case, which
Abstract Unsteady resistance, heave force, pitch moment
and free-surface elevations for DTMB 5512 at steady forward speed and in regular head waves are investigated
with different measurement systems for a fairly wide range
of test conditions in the IIHR towing tank. Test data are
procured for validation of Reynolds-averaged Navier±
Stokes computational ¯uid dynamics codes and for
understanding the physics of unsteady ship hydrodynamics. The second part of the paper presents the
measurement results and discussions.
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Table 1. Unsteady test
conditions
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Fr

Re (106)

Ak

0.19

3.153

0.28

4.647

0.34

5.642

0.41

6.804

0.025,
0.025,
0.025,
0.025,
0.025,
0.025,
0.025,
0.025,
0.025,
0.025,
0.025,
0.025,

ensures accuracy in the time domain of the measurements.
Note that fe is determined with lower uncertainty than fw,
because CM includes more wave periods than zI, i.e., fe>fw.
Experience has shown that the other incident waves are
similarly repeatable in terms of amplitude and frequency
and possess low uncertainty for these two parameters
(Longo et al. 1998).

2.2
Median test case for forces and moment
Basic results for the forces and moment tests are time
histories of resistance (CT), heave force (CH), and pitch
moment (CM) for the 42 test cases. Figure 1b±d includes

Fig. 1a±d. Raw and FS-reconstructed time histories for the
median test case

0.05,
0.05,
0.05,
0.05,
0.05,
0.05,
0.05,
0.05,
0.05,
0.05,
0.05,
0.05

0.075,
0.075,
0.075
0.075,
0.075,
0.075
0.075,
0.075,
0.075
0.075,
0.075

0.1
0.1
0.1
0.1
0.1
0.1
0.1

k (m)

fe (Hz)

1.524
3.048
4.572
1.524
3.048
4.572
1.524
3.048
4.572
1.524
3.048
4.572

1.693
1.056
0.811
2.016
1.218
0.919
2.231
1.325
0.991
2.482
1.451
1.074

the raw data and the ®rst-order FS reconstruction for the
median test case. Note that the discussions for this case
can generally be applied to most other test cases. The
output signals, i.e., CT, CH, CM exhibit strong ®rst harmonic responses at fe, except for some sub-frequency
responses for CT and CH (Fig. 1b±c). CT and CH contain
limited high-frequency signals at the peaks and troughs,
which are associated with carriage vibration transmitted to
the single-point mount and load cell. This noise is absent
for CM due to the large inertia of the model for pitching

Fig. 2a±f. Amplitudes, phases, and precision limits for the
median test case unsteady forces and moment

motion. Note that, in Fig. 1, CT, CH, and CM are not in
phase with zI, which will be explained later in this section.
Further investigation of the harmonic content for the
forces and moment is shown in Fig. 2, which includes the
zeroth, half, and ®rst- through ®fth-order FS harmonic
amplitudes and the adjusted phases Dc with uncertainty
bars. The ®gures show that the zeroth and ®rst harmonic
amplitudes and the ®rst harmonic phases, which are the
main focus of the discussions, can be determined with very
low uncertainties. Since the corresponding harmonic amplitudes are too small in the median test case, the uncertainties for determining the higher harmonic phases are
very high. However, in the case of high-Fr when the higher
harmonics have signi®cant amplitudes, the phase can also
be determined at low uncertainty. Because of the limited
recording time (»10 s), the uncertainties for determining
phases of the half FS harmonics are very large.
Using the ®rst-order FS harmonics for the median case,
the time histories are reconstructed and presented in
Fig. 3. The results of the steady test are also plotted in the
®gure for comparison. Slight differences between the
steady results and the mean of the unsteady results for CT,
CH, and CM can be observed in Fig. 3. The mean of the
unsteady resistance coef®cient CT (0.0049) is larger than
the steady resistance coef®cient CT,st (0.0044), and the
difference, i.e., the added resistance, will be shown more
clearly later. Phase differences between the incident wave

fI and the unsteady responses of CT, CH, and CM can be
seen clearly in the ®gures. Note that the incident wave
signal is determined at x  0 and the wavelength equals
the model length in this case. The resistance (CT) and pitch
moment (CM) reach maximal values when the peak of the
incident wave hits the forebody of the model ship at
t/T  0.3 and t/T  0.35, respectively. The heave force
becomes maximal when the peak of the wave hits the
midbody (t/T  0.5).

Fig. 3a±d. Reconstructed time histories with adjusted start
phases in the median test case

Fig. 4a±f. Zeroth and ®rst FS harmonic amplitude and the ®rst
FS harmonic phase for CT

2.3
Linear response for forces and moment
Since the regular head waves generated by the IIHR wave
maker are typical ®rst-order harmonic waves, the waves
encountered by the ship hull with a constant forward
speed are also ®rst-order harmonics. When likening the
ship hull and the encounter wave system to a dynamic
(oscillating) system, the output signals (measured variables CT, CH, CM) can be considered as linear responses, if
they are also ®rst-order harmonics. The unsteady responses in the median test case are linear because the
measured variables are dominated by ®rst-order FS harmonics. In cases of non-linear responses, the ®rst-order FS
harmonics represent the linear portion of the total unsteady responses. In the following, the linear portions of
the unsteady responses, i.e., the zeroth and ®rst harmonic
amplitudes and the ®rst harmonic phases, are discussed
for all test cases.
The zeroth and ®rst FS harmonics of CT are shown in
Fig. 4. For comparison, the zeroth FS harmonic amplitude
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of CT for the steady (without wave) case is also plotted in
Fig. 4a. The zeroth FS amplitude CT,0 initially decreases
with increasing Fr and then increases with increasing Fr
beyond Fr  0.28. Not surprisingly, CT,0 approaches the
steady case for decreasing Ak. In addition, CT,0 increases
with increasing Ak (Fig. 4a, d) or k (Fig. 4d). The ®rst FS
amplitude CT,1 decreases non-linearly with increasing Fr,
with the steepest descents for increasing Fr at the highest
Ak (Fig. 4b). With increasing Ak or k, CT,1 increases rapidly (Fig. 4b, e). The phase lead of CT, DcCT,1 is mostly
constant versus Fr and Ak, but increases with increasing k
(Fig. 4c, f). In Fig. 4a, obvious difference between the
unsteady and steady CT,0, i.e., double the added resistance,
is investigated, especially for low Fr and high Ak. The
added resistance is usually de®ned as

between the steady and unsteady cases (Fig. 6a). CH,0
decreases linearly with increasing Fr, but it is generally
constant versus Ak and k (Fig. 6a, d). CH,1 decreases for
increasingFr(Fig. 6b),butitincreaseswithincreasingAkork
(Fig. 6b, e). The phase lead of CH, DcCH,1 is mostly constant
versus Fr and Ak but increases with increasing k (Fig. 6c, f).
The zeroth and ®rst FS harmonics of the pitch moment
coef®cient are plotted in Fig. 7. Only slight differences
are observed for CM,0 between the steady and unsteady
cases at low Fr (Fig. 7a). CM,0 increases non-linearly with
increasing Fr and slightly with increasing Ak at low Fr
(Fig. 7a), but it is generally constant versus k (Fig. 7d).
CM,1 decreases for increasing Fr (Fig. 7b), but increases
with increasing Ak and k (Fig. 7b, e). The phase lead of
CM, DcCM,1 is mostly constant versus Fr and Ak but increases
with increasing k (Fig. 7c, f).
CT;0
In traditional studies based on the strip theory for ship
CT;ad  CT CT;st 
1
CT;st
2
motions (Lewis 1989), the exciting forces for surge, heave
where CT (= CT,0/2) is the time mean of unsteady resisand pitch are the ®rst harmonics of the resistance, heave
tance, CT,st is the steady resistance. As shown in Fig. 5, the force and pitch moment, whose amplitudes are usually
added resistance decreases with increasing Fr but innormalized as follows:


creases with increasing Ak or k.
0
2
The zeroth and ®rst FS harmonics of the heave coef®cient Fx  Fx;1 qgrkfI;1


are plotted in Fig. 6. No differences are observed for CH,0
F 0  Fz;1 qgAw fI;1
3
z

My0  My;1



qgIL fI;1



4

where Ñ is the volume of displacement, Aw is the waterplane area, IL is the longitudinal moment of inertia of
water-plane area about y axis, fI,1, Fx,1, Fz,1 and My,1 are
the ®rst FS harmonic amplitudes for incident wave, heave

Fig. 5a±c. Dependence of the added resistance (CT,ad) on
Fr, Ak, and k

Fig. 6a±f. Zeroth and ®rst FS harmonic amplitude and the ®rst
FS harmonic phase for CH

31

Fig. 7a±f. Zeroth and ®rst FS harmonic amplitude and the ®rst
FS harmonic phase for CM

force and pitch moment, respectively. According to previous studies, the non-dimensional exiting forces depend Fig. 8. Exciting force amplitudes for the three ship models
mainly on the wave length, and their amplitudes approaches 1 when L/k equals zero, i.e., when k is unlimitedly large. The non-dimensional exciting force amplitudes
F¢x, F¢z and M¢y are computed for DTMB 5512 at three Fr
numbers and presented in Fig. 8 together with data taken
by Journee (1992) for a Wigley model and by Gerritsma
and Beukelman (1967) for a ship model. The dependences
of the non-dimensional exciting force amplitudes on the
relative wavelength are similar for the three models, and
the observed differences may result from the model
geometry variations.

2.4
Non-linear response for forces and moment
In the above discussions, the ®rst-order harmonic responses of the present ship hull and wave system are
considered as linear responses. That implies that all the
sub- and super-harmonics in the test results are referred to
non-linear responses. According to the analysis in
Sect. 2.2, the unsteady responses of CT, CH are CM are
mostly linear in the median test case because the subharmonics are considered to be noises and the superharmonics can be neglected. However, in the cases of high
Fr and short k, the higher harmonics have signi®cant
amplitudes, so that non-linear responses are observed. As
an example, the time history and the corresponding Fou- Fig. 9. a Time histories and b FT results of unsteady pitch
rier transformation (FT) result of CM are given in Fig. 9 for moment for two typical cases
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a short-wave/high-Fr case (Fr  0.34, Ak  0.075,
k  1.524 m). Although a strong ®rst harmonic unsteady
response is observed, a signi®cant super-harmonic response at 2fe is present in Fig. 9b. Similar tendencies in the
harmonics are also observed for CT and CH but not shown
here. Amongst the tests, the super-harmonic responses are
only investigated in the short-wave cases, i.e., for
k  1.524 m.
Detailed investigation of unsteady responses for the
short-wave case through analysis of the ®rst, second and
third FS harmonic amplitudes for CT and CH versus Fr and
Ak is provided in Fig. 10. The FS harmonic amplitudes for
n  1, 2, 3 generally increase with increasing Ak, and they
are roughly linear functions of Ak except for cases at
Fr  0.41 which appear to be parabolic. The super-harmonics appear to have signi®cant magnitudes for
Fr  0.34 and 0.41. The tendencies in the FS harmonics
noted above are similar for CM but not shown here. The
conclusions from Figs. 9 and 10 point to non-linear unsteady responses in the forces and moment coef®cients but
only for combinations of short k and mid-high and high

Fr. Further investigations of the super-harmonics are
shown in Fig. 11, in which the dependences of the FS
harmonic amplitudes on Fr for Ak  0.1 and k  1.524 are
given. For CT, CH and CM, the ®rst harmonic amplitudes
decrease with increasing Fr, and the third harmonic amplitudes are relatively very small. Interestingly, for all three
variables the second harmonic amplitude has a maximum
near Fr  0.34.
The raw and reconstructed time histories of the pitch
moment coef®cient CM are given in Fig. 12 for the most
non-linear case, i.e., Fr  0.34, k  1.524 m and Ak  0.1.
The reconstructed time history includes the second-order
FS and re¯ects a typical non-linear response. In Fig. 12,
the raw time history is different in different encounter
periods due to some sub-frequency content. Because of the
limited data-acquisition time (1015 s), the sub-frequency
content cannot be determined correctly with the current
data.

2.5
Reconstructed free surface elevations
Detailed analysis of time histories at select locations in the
wave®eld have veri®ed that the unsteady wave®eld exhibits
a strong ®rst-harmonic response and, therefore, can be
represented with a ®rst-order FS. The zeroth and ®rst FS

Fig. 11. Dependence of FS harmonic amplitudes on Fr for
k  1.524 m and Ak  0.1

Fig. 10a±h. FS harmonic amplitudes for a short wavelength
(k  1.524 m) versus Fr an Ak

Fig. 12. Raw reconstructed time histories of CM for Fr  0.34,
k  1.524 m and Ak  0.1

harmonic amplitudes and the ®rst FS harmonic phase are
computed in both far- and near®eld regions and shown in
Fig. 13. The zeroth harmonic amplitude (Fig. 13a) of the
wave®eld displays the typical wave pattern characteristics
of a ®ne hull form advancing in calm water, including
diverging and transverse waves and a dominant foreshoulder wave. The zeroth harmonic amplitude is, in fact,
twice the mean unsteady free surface elevation. According
to the test results, the difference between the mean unsteady free surface elevation and the steady free surface
elevation is within the uncertainty band. The amplitude of
the incident wave (0.006) is 43% of the dynamic range of
the steady free surface elevation (0.014). Figure 13b includes contours of the ®rst FS harmonic amplitude in the
wave®eld. Note that the contours are contained in a
wedge-shaped region with semiangle of 24.5°. A dominant
crestline is observed swept backward from the forebody
shoulder, and a weaker troughline emanates from the
transom corner. The maximum of the ®rst harmonic amplitude (0.01) is 1.7 times the incident wave amplitude.
Figure 13c shows contours of the ®rst FS harmonic phase.
Interestingly, the two regions where the contour lines are
most affected seem to be associated with the crest and
troughlines of the ®rst FS harmonic amplitude. In comparison with the uniform phase distribution of the incident wave ()2pxL/k), phase leads and lags are present at
the forebody shoulder and transom corner, respectively,
and the dynamic range is about p/3.
Distributions of the zeroth and ®rst FS harmonic amplitude and the ®rst harmonic phase are used to reconstruct the unsteady wave patterns. Examples are shown in

Fig. 14 at four instants in the encounter period (t/T  0,
0.25, 0.5, 0.75).
The unsteady perturbation response of the free-surface
elevation, i.e., the diffraction wave, is computed with the
reconstructed unsteady free-surface elevation fT and the
incident wave pattern fI as

fD  fT

fT

fI

 fT;1 cos 2pfe t  Dc1 


A
cos 2pfe t
L

2p

xL
k
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where fT is the time mean of the unsteady free-surface
elevation. Since the unsteady free-surface elevation is reconstructed with the ®rst-order FS, the diffraction wave
contains only ®rst-order FS harmonics. The distributions
of the harmonic amplitude and phase are shown in Fig. 15.
The contour patterns of the diffraction wave amplitude
(Fig. 15a) look similar to that of the ®rst-order FS amplitude of the unsteady free-surface elevation (Fig. 13b). Two
maxima of the diffraction wave amplitude initiate at the
forebody shoulder and transom corner and diverge from
the model at 24.5° with respect to the centerplane. The
maximal amplitude of the diffraction wave (0.004) is about
40% of that of the unsteady free surface elevations. There
are two peaks in the phase distribution of the diffraction
wave (Fig. 15b): one is near the forebody shoulder
(x  0.35); the other is inboard of the diverging stern wave
crest (x  1.09). This implies that the diffraction waves

Fig. 13. The zeroth (a) and ®rst (b) harmonic amplitude and the
®rst harmonic phase (c) for the unsteady free-surface elevation Fig. 14a±d. Unsteady wave patterns at t/T  0, 1/4, 1/2, 3/4
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Eight measurement points located in regions of high
(x  1.0148, y  00.03) and low (x  1.0148,
y  0.050.08) free-surface turbulence are selected for the
detailed investigations. FT results of the time histories at
each location are presented in Fig. 17. On and near the
centerplane (Fig. 17a±d), the FT record contains a spike at
fe and considerable sub- and super-harmonic frequency
2.6
content associated with the naturally turbulent topography
Free-surface turbulence
of the transom wave®eld. Moving further from the cenWith data from the near®eld free-surface test, the harmonic content and free-surface turbulence are investigated terplane transversely (Fig. 17e±h), the FT records show a
to determine the characteristics of the unsteady wave®eld. very dominant spike at fe surrounded by a small local
region of FT content probably associated with the coarse
resolution of the FT for the limited data-acquisition time
(»9 s). Figure 17 indicates that the majority of the wave®eld exhibits a strong ®rst-harmonic (linear) response and
provides support for representation of the unsteady
wave®eld with a ®rst-order FS.
The free-surface turbulence level in the steady case is
usually described with the RMS value of free-surface
¯uctuations around the mean value. Similarly, the
originate, in principle, from the forebody and stern
regions of the model. This can also be seen in the time
history of the diffraction wave (Fig. 16). Note that in
Fig. 15b large errors exist for the phase in regions of very
low amplitude.
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Fig. 15. Amplitude (a) and phase (b) distributions of the diffraction wave

Fig. 16a±d. Diffraction wave patterns (nD) at four instants

Fig. 17a±h. FT results of unsteady free-surface elevations at eight
selected locations near the model stern

unsteady free-surface turbulence level is here de®ned with
the RMS value of the free-surface ¯uctuations around the
reconstructed free-surface elevations (®rst-order FS). Figure 18 shows the comparisons of mean and RMS ¯uctuation of free-surface elevations for steady and unsteady
cases at the stern of the model. The steady free-surface
elevation (fst) and the mean of unsteady free-surface elevation (fT,0/2) are compared in Fig. 17a, and the ®gure
shows that the contour patterns and the magnitudes are
very similar. The RMS values of the steady and unsteady
free-surface ¯uctuations have similar contour patterns,
and their maximal values are of the same order. However,
away from the high turbulence center, the RMS ¯uctuation
is higher for the unsteady case than for the steady case.

3
Summary and conclusions
The present investigations are aimed at procuring validation data for RANS CFD codes and explication of ¯ow
physics regarding DTMB model 5512 in regular head
waves. Unsteady resistance, heave force, and pitch moment are procured at a fairly wide range of test conditions
of interest. Unsteady free-surface elevations are mapped in
a case of median Froude number, long wavelength and low
wave steepness. The test uncertainties assessed following
the AIAA Standard (1999) are in reasonable levels.
The mean of the unsteady resistance coef®cient is larger
than the steady resistance coef®cient, especially at low
Froude number and high wave steepness, and the difference, i.e., the added resistance coef®cient, decreases with
increasing Froude number but increases with increasing
wavelength or wave steepness. The mean of the unsteady
heave force coef®cient is almost the same as the steady
heave force coef®cient, and it decreases linearly with

increasing Froude number without dependences on the
wave steepness and wavelength. The mean of the unsteady
pitch moment coef®cient is nearly the same as the steady
pitch moment coef®cient, but it is slightly larger at low
Froude numbers.
Test results for unsteady forces and moment demonstrate mostly linear responses in cases of median and long
wavelength, which agree with the previous experiments
and analyses based on the traditional strip theory for ship
motions. For the linear responses, the amplitudes of the
exciting forces (or the ®rst harmonics) increase linearly
with increasing wave steepness at the same Froude number
and wavelength. However, non-linear responses are investigated in cases of short wavelength and high Froude
number. The non-linear responses contain signi®cant
second-order harmonics, and their amplitudes increase
non-linearly with increasing wave amplitude. Generally,
the ®rst-order harmonic amplitudes of the forces and
moment coef®cients increase with increasing wavelength
or wave steepness and decrease with increasing Froude
number. Relative to the incident wave at the forward
perpendicular of the model, negative phase leads exist and
only depend on the wavelengths.
The unsteady response of the free-surface elevation is
linear in the case of median Froude number and long
wavelength, except for a small area near the ship hull at the
stern in the transom wave ®eld. The mean of the unsteady
free surface elevation shows the same patterns as the diverging and transverse waves in the steady case. The reconstructed unsteady free surface elevation has maximal
amplitude of 1.7 times the incident wave amplitude. Relative to the incident wave patterns, phase leads and lags
are present in the range of p/3 at the forebody shoulder
and transom corner, respectively. The free-surface turbulence levels of the steady and unsteady cases are nearly the
same in the high-turbulence region at the wake center, but
in the low-turbulence region off the wake center the turbulence level of the unsteady case is higher. The maximal
amplitude of the diffraction wave is about 40% of that of
the unsteady free surface elevation. The phase distribution
indicates that the diffraction waves originate from the
forebody and stern regions of the model.
The test data and the uncertainty results are being used
for CFD validation in the IIHR, and will be archived at
http://www.uiowa.edu/towtank for general dissemination. For future tests, phase-averaged particle image velocimetry measurements of the unsteady ¯ow®eld are
being conducted in the IIHR towing tank using the same
test condition as for the unsteady free-surface tests, and
the results will appear soon.
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