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ABSTRACT

Experimental measurcments of the Kelvin wake were obtained for five
surface ship models representing an assortment of naval combatants.
including a cruiser. aircraft carrier and thice destrovers.  Measurémenis
were performed in the Carriage 1 basin ai DTRC (David Tavlor Research
Center) using capacitance wave probes. a newly déveloped laser-slope
meter and close-range photogramiimetry  teclniques.  This resulted in
single point time-histories of wave height and slope as well as a series of
sequential stereo "snap-shots” of the wave field generated by the towed
model.  All the models were tested at a Froude number of 0.25 and
similarities and differences in the wave patierns were documenied and are
discussed herein. In addition. Kelvin wake data were obtained for other
conditions such as altered trim. speed variation and with or without
propulsion.  The effect of these changes on the wave sysiem is also
discussed.

ADMINISTRATIVF, INFORMATION
This investigation was sponsored by the Chief of Naval Research. Office of Naval Technology
OCNR 211 under the Ship and Submarine Technology Program. Program Element 62543N. ONT
Thrust Area RS43-421S (SUSQSR). Surface Ship Hvdrodynamic - Quieting Signature Reduction.
The DTRC Work Unit Numbers are 1506-620 and 1506-810.

INTRODUCTION

Z’/‘;” Radar and optical images of ship wakes at sea have stirred an interest in obtaining model-scale

Kelvin wake data. The distinctive Kelvin wave pattern consists of diverging and transverse waves as

shown in Figure 1. These wave systems. manifested as surface disturbances. have unique

e
e

characteristics. “AS shown in the ﬁgur:.\)géhe included angle between the two divergent wave arms is

39 degn‘e\f_‘s{& Al components of the wave system parallel to the direction of travel of the ship have the

same spt?efiwf\s the hl‘l) The simplifed drawings of Figure | are good descriptions of the wave

wg;\;ration of a point source travelling through the water. however. in the case of a model or ship of
finite length the wave system is more complicated and its details are influenced by the huil form
characteristics.

In an effort to study these Kelvin wake details. five models were chosen for the experimental
program. covering a range of naval combatant hull types: Model 5063 (Nimitz Class - CVN 68).
Model 4645 (Charles Adams Class - DDG 2). Model 5201 (Virginia Class - CGN 38). Model 5359
(Kidd Class - DDG 993) and Model 5415. representing a prototype destroyer. For Model 5415. an
extensive viscous wake data set aiready exists and the Kelvin wake measurements were obtained in the

interest of forming a complete set of wake data for that hull form.




The Kelvin wake measurements performed on these models consisted of wave héiglit time-history
records obtained with capacitance wire probes. two-dimensional wave slope ‘data obtained with a
recently developed laser wave slope meter and "whole-field” wave height measurenienits obtained with
a ceiling-mounted photogrammetric system. Each of these systems provides very unigue -information.
about the wave system generated by the model and the complete: set of-data is invaluable. A subset of
this data has already been used to verify the results from numerical Kzivin wake coniputer code

predictions. l

EXPERIMENTAL PROGRAM

All five ship models were tested at a speed corresponding to 20 knots as well as at a Froude
number of 0.25 to observe similarities and differences in the Kelvin wake at identical Froude
numbers,

Model 5063 (A=33.058).representing the CVN 68. was tested as a drag body (without
propulsion) at two Froude numbers: Fn=0"85 corresponding to a ship speed of 20 knots and
Fn=0.25 corresponding to a ship speed of 27 knots.

Data were obtained on Model 4645 (A=21.524) representing the DDG 2. over a range of
Froude numbers from 0.25 to0 0.31 (17.3 knots full scale to 21.3 knots full scale) in Froude number
increments of 0.01. All data were obtained for the model run as a drag body. Two keel mounted
sonar domes were in place on this model during the experiments.

In the case of Model 5201 (A=24.064) representing the CGN 38. all the Kelvin wake data were
obtained at a Froude number of 0.25 corresponding to a full scale ship speed of 20 knots. The
model was tested at three trim conditions to observe the effect of trim on the Kelvin wake. The three
trim conditions run were: operating trim (with and without propulsion), bow-down trim (with and
without propulsion) and stern-down trim without propulsion,

The DDG 993 was represented by Model 5359 (A=24.824) and data were collected at 20 speeds
over a large range of Froude numbers. from F"=0.20 to Fn=0.4l. corresponding to ship speeds
between 15.5 knots and 31.7 knots.

Finally. Model 5415 was tested. representing a prototype destrover design with A=24.824. The
model was run at the same speeds for which viscous wake data were collected in a previous
experiment: 20 knots (Fn=0.28) and 30 knots (Fn=0.4l) with the addition of Fn=0.25.

Table | contains a list of hull form coefficients for each model while Figures 2-6 present
sectional area curves and lines of form for all five models.

Table 2 documents the conditions at which each model was run as well as the appropriate model

length and scale ratio.




EXPERIMENTAL APPARATUS

CAPACITANCE WAVE PROBE

A capacitance wire wave probe system was used to obtain longitudinal wave records along a track
parallel to the model travel. The probes are fabricated at DTRC and each consists of a length. of
teflon-coated stainless steel cable. The overall probe diameter is 0.017 in. (0.44 mm). The probe
and grounding wire are attached to a wave sensor circuit board mounted to a wave boom which
suspends the wires in the water. For these experiments a square configuration of four wave probes
was used, A diagram of the wave probe placement in the towing basin is shown in Figurc 7. This
set-up provided the option for deriving transverse and longitudinal wave slope from the height
gauges. The longitudinal wavecut data were collected on a Perkin Elmer Model 70 Interdata

computer and stored on 9-track magnetic tapes.

PHOTOGRAMMETRIC SYSTEM
Three sets of apparatus. unique to this research technique. were designed especially for use at
DTRC and are discussed in the following paragraphs. Two views of the close-range photogrammetric

system configuration are shown in Figure 8.

Towing Beam

An extended carriage towing beam is used to tow the ship model out from underneath the
carriage so that an unobstructed view can be obtained from the ceiling mounted cameras. The towing
beam is supported from the east vertical rails of Carriage I and is aligned with the centerline of the
basin. The underside of the beam is identical to that on the standard towing carriage girder enabling

model attachment by means of available towing brackets.

Cameras and Camera Carrier Assemblies

Two Hasselblad Model MK70 motorized metric cameras were used for these experiments. The
cameras are equipped with Zeiss Biagon wide angle lenses with a nominal focal length of 1.57 in.
(40 mm). A glass reseau plate with fiducial marks is permanently mounted at the film plane. This
plate. along with the low distortion lens. are the two components which make this a "metric” camera
recommended for photogrammetric data acquisition. Each camera was attached to a separate camera
carrier assembly built to be lowered from the ceiling to the top of the carriage. facilitating the
mounting of the cameras as well as loading and unloading of the film (2.76 in. (70 mm) Tri-X).
The cameras were then raised up and locked to a fixture on the ceiling for the photographs to be
taken. The movement of the camera carrier assemblies and the camera shutter triggering was
initiated through a control panel located at the side of the basin. The cameras were mounted on the

camera carrier assemblies at a tilt angle of 12 degiees toward each other. Although this resulted in a




"distorted” view. it was done in order to photogrammetrically enhance the vertical dimension of the
stereopairs and thus significantly improve the wave height measurement resofution. Tilting also

afforded maximum stereo coverage of the water surface.

Control Target Grid Assembly

It is necessary to have a calibrated "control” in every stereopair in order to obtain the most
accurate results. For this towing tank application. the control grid was fabricated from PVC piping
in two sections. one attached to the north wall of the basin. supporting 5 photogrammetric survey
targets and one attached to the south wall supporting 10 targets. Figure 9 shows a photograph of the
assembly in the basin along with a diagram indicating the dimensions of the structure. Thc targets
were mounted on small diameter rods permanently attached to the PVC grid. Their x.v.z positions
were determined by a National Bureau of Standards survey. When a set of photogrammetric
experiments is completed. the targets are removed from the rods and the grid is lowered into the

water to rest on the wall and bottom of the basin.

LASER WAVE SLOPE METER

The laser wave slope meter used in these experiments was developed at DTRC. A schematic of
the system is shown in Figure 10. Tne system is composed of three items: a 1S mw helium-neon
laser enclosed in a waterpruof housing located at the bottom of the towing basin. a Sonv CCD video
camera located on the wave boom. ind a DBA opiical tracker which converts the location of the
deflected laser beam on the ceiling to voliage signals representing x- and y- coordinates of position.
The voltage signals are collected on the Perkin Elmer computer and stored on 9-track tape along with
the wavecut data.

The acvutage of such a sy--> s its superior frequency response which is important in the
detection of wave bre: “ing and resolving other fine structure details of the model-generated wave

pattern.

EXPERIMENTA] *NGCEDURE

During the experiment the three sets of ' istrumentation - capacitance probes. photogrammetric
system and laser slope meter were often in use simuitaneously. The procedures which were used to
collect the data will be described below for each svstem.

The computer data collection process for the capacitance probec and laser <lnpe meter was
triggered by a reflective “trip” attached to the underside of the carriage passing over a photocell
mounted at the side of the basin. The photocell is positioned to insure that the maximum amount of
data is collected before tank wall reflections occur. During each run. both the wavecut and slope

data were collected at 100 Hz for 20 seconds and stored on 9-track magnetic tape.




In order to obtain stereopairs of the water surface. floating “seed” particles were distributed on
the surface hefore each run. Computer card punch chips were used as the seeding material. Aftér
the chips were placed on the surface. the model was towed down the basin and a sequence of
photographs were taken. Four reflective targets mounted on the carriage were sensed by an infrared
scanner mounted on the basin wall to trigger the camera shutters and strobe lights as .the model
passed by. The shutters could also be triggered manuaily from the electrical control panel during
any run. The camera shutters were set at 1/60th of a second at f/8. The strobe lights flashed each
time with a duration of 1/1000th of a second and so it was actually the strobes which synchronized

the stereopairs.

DATA ANALYSIS

Data analysis was required for the longitudinal wavecut and laser slope data as well as for the
stereopairs. The nature of the analysis as well as associated accuracy issues will be discussed

separately for each data set.

LONGITUDINAL WAVECUT ANALYSIS

The longitudinal wavecut data were analyzed on a DEC Microvax 1I using software originally
used on the Interdata computer and rewritten for the Microvax. During the analysis, voltage data are
converted to non-dimensional wave height and a Fourier transform is performed on the wavecuts to
obtain free wave spectra. The software is documented in Reference 2. Tabular outputs and plots are
then obtained of both the longitudinal wavecut, i1, dimensional and non-dimensional form. and the
spectra. From the spectra. two wave resistance coefticients. CW and CW(T) are calculated. Cw is the
value of wave resistance calculated from the spectra representing the wavecut truncated before tank
wall reflections occur. CW(’I') includes an additional amount of wave resistance to account for the
truncation of the wavecut. A thorough discussion of the methods of obtaining wave spectra ant wave
resistance from experimentally measured wave patterns is found in Reference 3. This reference also

serves as the basis for the formulations used in wavecut data anaivsis at DTRC.

Data Accuracy

Three aspects of accuracy pertaining to the wave probe data have been examined to date: static
calibration repeatability. wave record repeatability and probe contamination. Analysis of extensive
repeat static calibrations performed on the capacitance probes during previous wavecnt experiments
yields an average error in the calibration factor of +/-0.5 %. This value results from nine
calibrations of six wave probss. In an effort to examine the repeatability of the capacitance probe
response to waves producec by the model during a run. two repeat wave records from the same probe

were compared. For two mode! speeds. 4.36 knots and 11.65 knots. these comparisons vielded a




relative precision error (standard deviation) of 2 percent and 1.8 percent. respectively. referenced to
the peak amplitude of the wave record. This error was obtained by calculating a standard deviation
between two wave records using each of the 2000 data points in the record.

Probe contamination presented a problem for much of the experiment. manifesting itself as a shift
in the zero level of the probe at the end of the wave record. This zero shift results in corrupted
spectra near U=0 which in turn affects the accuracv of the CW calculations. The magnitude of this
bias-type error will be shown and discussed in a later section of the text. Towards the end of the
experiment it was found that this contamination problem could be minimized by svstematic probe
cleaning and by recirculating the water around the probe at all times except when wavecut data were
actually being collected. This contamination problem should be carefully monitored by those

performing wavecut experiments.

LASER SLOPE DATA ANALYSIS

The laser slope data were analyzed on the Microvax II using a subroutine added to the same
program which was used to analyze the wavecut data. The subroutine converts voltage from the
optical tracker into longitudinal and transverse wave slope using a calibration of the wave slope meter
apparatus obtained in the laboratory. The resulting wave slope information is processed in a similar
manner to the wave height data. in order to obtain the free wave spectra and wave resistance
coefficients. Details of the wave slope subroutine. data analysis procedures. accuracy and results will

be documented in a forthcoming report.

PHOTOGRAMMETRIC DATA ANALYSIS

The photographs are developed by DTRC and then delivered to the Mational Ocean Survey (NOS)
for analysis. NOS cartographers. using statc-of-the-art "analvtical plotters”. measure wave elevations
from the photographs over a grid of x-y- locations. Each stereopair covers an area in the towing
basin of 35 X 20 ft (10.66 X 6.1 m). Typically 9000 dat. points are analyzed in a grid with 3-inch
spacing.  This process. including the instrument set-up. takes approximately 12 hours. The

tabularized data is then stored on magnetic tape and returned to DTRC for plotting and analysis.

Data Accuracy

The accuracy of the photogrammetric data has Leen evaluated in three different wavs. A “flat
water” model was measured to determine the error (standard deviation) about the mean for the
undisturbed water surface. This error was found to be 0.05 in.(1.37 mm) over the 35 X 20 fi
(10.66 X 6.1 m) area. Next, a comparison was made between the capacitance wave probe and a
photogrammetric profile. The profile chosen from the photogrammetric data wa. at the same distance

from the centerline of the ship model as the capacitance piobe was located. bui on the opposite side




of the model. This choice was made because seeding was best on that side of the model. whereas it
was avoided near the +ave probe due to contamination problems. Assuming symmetry of the wave
pattern. measurements obtained at equal distances from the centerline of the ship model should vield
similar wave profiles. The comparison between the wire wave probe trace and the profile from a
representative measured stereopair is shown in Figure 11. The agreement is quite good except in the
locations of the highest crest and trough. where there are discrepancies of about 0.5 in. (12.7 mm).
The cause of this discrepancy could be due to one of the following: lack of symmetry in the wave
pattern. filtering techniques used in the collection of data with the wire probe. or lack of response of
the probe to "high” frequency components of the wave system.

The third comparison which has been made is between two sequential stereopairs. Since there is
some overlap between the two sets of data, two profiles can be overlaid on top of one another with a
longitudinal offsct. The result is shown in Figurc 12. The two agrce well over the first part of the
profile and not quite as well over the remainder. The mean average difference between the two sets
of vertical measurements is 0.26 in. (6.68 mm). The RMS variation about this mean difference is
0.15 in. (3.91 mm).

PRESENTATION AND DISCUSSION OF RESULTS

LONGITUDINAL WAVECUT DATA

One of the most interesting comparisons resulting from these experiments is that of the wavecuts
and spectra for all five models operating at a Froude number of 0.25. These plots are preseated in
Figures 13 and 14. The wavecuts are plotted with respect to non-dimensionalized distance from the
origin (model FP) which results in the longitudinal separation of bow and stern waves being almost
identical. Results from only one of the four wave probes are presented in this report for brevity
sake. The data presented here are from the probe located 6.1 feet (1.86 meters) from the model
centerline.

The first comparison between wavecuts has been made initially on the basis of the ratio of the
non-dimensionalized bow wave-to-stern wave peak-to-trough height. The two portions of the wave
record used for these calculations were chosen to be the largest bow wave peak-to-trough height.
centered about xko=15. and the largest stern wave peak-to-trough height. centered about xko=30.
The first tvo wavecnts on Figure 12, obtained from Model 4645 and S0AY have how tn.ctern ware
height ratios of 1.7 and 1.45 respectfully. The remaining 3 wavecuts. obtained from Models 5201.
5359 and 5415. have substantially smaller height ratios of 1.16. 0.966 and 0.911. respectively. A
study of the respective sectional area curves reveals that the models with smaller bow/stern wave

height ratios all have bow domes. On the other hand. Model 5063 has no dome and Model 4645 has




two keel-mounted domes and their bow/stern wave height ratios are signiticantly higher. From these
observations. it is apparent that the presenée of the bow domes on these particular hulls results in a
height reduction of the bow wave. This may be a result of the sonar dome design philosophy to
insure smooth flow around the dome. Unlike bulbous bows. however. domes are not optimized for
minimum wave resistance. and likewise. the reduction in bow wave does not necessarily imply
improved wave resistance characteristics of the huil.

Another feature of interest in these wavecuts is the region between the bow and stern wave
systems. Determined by hull geometry. this complex wave system is difficuit to predict analytically
(see Reference 1). Although this is a complex region. there are some similarities between the wave
records. All except Model 5063 show a double peaked crest in this "along the hull” region whereas
Model 5063 generates a double peaked trough. The subsequent part of the wave record in this
region is also similar for all models except 5063. This comparison suggests that the presence of a
bow dome affects not only the bow wave height but also the characteristics of the entire wave
disturbance. The complex wave system in this region may be due to nonlinear wave superposition or
diffraction effects along the length of the model.

In a similar manner. the spectra from all five models at Fn=0'25‘ as presented in Figure 14,
can be compared. In all of the spectral plots presented in this report. both the sine and cosine
components of the spectra (F and G). as well as the amplitude (E). are shown. Initiallv, thev look to
be very similar. one from another. but close scrutinv reveals some interesting characteristics. The
spectral plots are composed of maxima and minima. Each plot in Figure 14 has the same number of
maxima and minima because they represent data for the same Froude number. The minima. which
will be referred to as nodes in the following discussion. can actually be "observed” in the fan-like
sun glitter photographs of ship wakes as dark rayvs. due to the small wave heights in those areas of the
wave pattern. The transverse wave number at which the nodes occur can be used to determine the
angle relative to the direction of ship motion at which the dark rays would be observed (see the
figure contained in the nomenclature section). Theoretically. no nodes would occur at a transverse
wave number higher than 8.5 as this corresponds to the Kelvin angle of 19.47 degrees or a direction
of wave propagation that is 70.53 dcgrees from the direction of ship motion. More careful
observation reveals that for certain ship models the level of these spectral nodes is lower than for
others. One may even observe a loose correlation between the ratio of the bow/stern wave height and
the depth of the node: as the ratio increases the amglitude of the spectra at the nodes become
increasingly large. A hypothesis might be that in the cases where the bow and stern wave heights are
similar. a more "balanced” or "pure” interference system results with low magnitude nodes. In

Figure 15 a composite plot of spectral node location is presented for Models 5359. 5415. and 4645.




The location of the nodes are shown plotted for each Froude number at their respective tranverse
wave number. The full scale implication of this information is that since all the nodal information
falls along very distinct and common lines much could be inferred about the Froude number of a
ship from the spectra of its wave pattern.

The next figures contain wavecuts and spectra obtained from each model. In Figure 16 the
wavecuts for Model 5063 are presented both non-dimensionally and dimensionally for the two Froude
numbers tested. Fn=0.l85 and 0.25. The non-dimensional presentation affords a view of similar
wave length scales whereas in the dimensional case the distance scales (i.e.. bow to stern wave
location) are the same. The large bow/stern wave height ratio as discussed previously for this model
is present at both Froude numbers but the region between the bow and stern waves is clearly different
at the two speeds. Figure 17 shows the spectral representation of the wavecuts for both Froude
numbers. The large number of nodes in the first plot is consistent with the low Froude number.

Six sets of data were obtained for Model 4645 from Froude number 0.25 to 0.31. The wavecuts
are presented in Figures 18 and 19 and the spectra in Figures 20 and 21. As speed increases.
gradual changes in amplitude and phase are ohserved in the regior. of the wave record between the
bow and stern waves. This pictorial evolution sheds light on the orderly progression of changes in
the wave system as Froude number increases. Interestingly enough. the largest transverse wave
heights and the largest spectral amplitudes are both observed at Fn=0'29 and not at F“=0.3I. Also.
between Fn=0.29 and Fn=0.30 there is a change in the number of nodes in the amplitude spectra.
from five to four.

The next set of plots. Figures 22 and 23. are for Model 5201 tested at three trim conditions
non-propelled. and two trim conditions propelled. One striking comparison is that the height of the
transverse waves downstream of the stern as seen in Figure 22 is much larger for the propelled
model case than for the non-propelled model in both the bow down and design trim condition. This
is also evident in the amplitude spectra of Figure 23 by examining the region of transverse wave
numbers from O to 1. In studying the wavecuts again. the bow-down condition clearly has a large
bow diverging wave and very small transverse waves. For this trim. the complex region between the
bow and stern wave is very different from both the design trim condition and the stern-down case.

In the case of Model 5359. data at nineteen Froude numbers were obtained. The data are
presented in Figures 24 through 30 for the wavecuts aud Figures 31 through 37 for the spectra. By
observing the wave records for the increased amplitude of the stern wave. the emergence of the
transom can be seen to occur at Fn=0.28. With increasing Froude number the stern wave remains
higher than the bow wave. The spectra show a general transition from eight nodes to two as the

Froude number increases.




Figure 38 shows an interesting contour plot of the spectral components from Model' 5359 over
the complete Froude number range. This contour plot fills in the spectral amplitudes between the
nodes (local minima) in the piot of Figure 15. Thorough study of this “spectral map” and future
ones to be generated could give insight into the wave superposition phenomena for differing hull
forms. This concept of spectral maps could also be used to verify results of numerical models over a
range of Froude numbers.

A plot of CW derived from the integration of the spectra is shown in Figure 39. Both
calcufations, with and without the truncation correction are shown in this plot. As is seen on the
plot. there are inaccuracies in the wave resistance values at three Froude numbers between 0.25 and
0.30. After careful study of these wave records it is concluded that the bias-type errors in CW are
due to probe contamination manifested as a shift in the zero level of the probe. This zero shift alters
the spectra and thus influences the CW calculations. In repeat runs, after probe cleaning. the zero
shift was negligible and a reasonable value of CW resulted.

In Figures 40 and 41 the data from Model 5415, tested at three Froude numbers, 0.25. 0.28 and
0.41 are presented. The transverse waves at Fn=0.4l are significantly farger than at either of the
other two speeds. Following from this. the amplitude spectra at a transverse wave number of "0" is
observed to be three times larger than at the other Froude numbers. There are only two spectral

nodes at this high Froude number compared to five at the other two speeds.

STEREOPAIRS

Although analysis of the stereopairs result in contour maps which serve to quantify a large region
of the model-generated wave pattern. the photographs themselves are enlightening regarding the
significant features and regions of the Kelvin wake. Figures 42 through 58 show single photographs
from each stereopair obtained during the experiment. Stereopairs were not obtained at all model
conditions due to camera malfunctions and the finite amount of seeding material available.

Features of interest in these photographs include: the lines of concentrated computer punch chips
(may be associated with a breaking or highly sioped bow wave). the stern diverging wave and its
interaction with the wake generated by the flow along the length of the hull. and the small capillary
waves often observed close to the hull or near the bow wave. Each of these phenomena suggest
regions of non-linearities in the wave pattern. Another interesting feature in the photographs is the
region at the stern of the model which is swept clear of the seeding. The width of this swuath
increases with speed and this phenenomena may provide additional information to correlate with wake

images seen from aircraft or satellites.




CONTOUR PLOTS

Due to the cost of abtaining a contour plnt from a sterecpair. analysis was not done on all of the
photographs.  The results of the stereomodels which were analvzed are presented in Figures 59
through 69. The regions of missing data in the contour plots are due to the presence of the ship
model and also to the absence of surface seeding at the stern of the model where the computer chips
are submerged by wavebreaking and/or "plowed” to the side.

In the case of Model 5063 contour plots for both Froude numbers are presented in Figures 59
and 60. The contour plot for Model 4645 is from data obtaincd at Fn=0.25 and is presented in
Figure 61. Contours of Model 5201 are presented in the next four figures. Figure 62 shows the
bow-down drag body condition. Two sequential contour maps of the drag body wake for the design
trim condition is shown in Figure 63 and 64. In Figure 65 a propelled contour plot is shown. also
for the design trim condition of Model 5201. The contour plot for Model 5359 operating at
Fn=0.258 is shown in Figure 66. In Figures 67-69 contour plots are shown for Mode! 5415 at
three Froude numbers, Fn=0.25. 0.28 and 0.41, respectively.

In the case of Model 5201. the bow-down drag condition (Figure 62) clearly shows a larger bow
wave and smaller stern wave than is seen in the design trim condition (Figure 63). In comparing the
contour plots from the propelled and drag conditions (Figures 64 and 65. respectfully) it is difficult to
see any differences. As observed in the wave profiles presented earlier. the major manifestation of
propulsion in the Kelvin wake is seen in the transverse waves. Unfortunately the transverse waves

are difficult to resolve in the contour maps due to the lack of seeding remaining behind the model.

CONCLUSIONS

This set of experiments represents the first time that such an extensive Kelvin wake data base has
been obtained. This was accomplished in light of full-scale observations and with the hope of gaining
a further understanding of fundamental wave pattern phenomena. The longitudinal wavecut data.
stereopairs and contour maps together present a detailed account of ship model wave generation.

Based or the study of longitudinal wavecut measurements and derived free wave spectra at
Fn=0.25. the models with the lowest bow-to-stern wave height ratio. Models 5201, 5359 and 5415.
were found to be the hulls fitted with bew domes. The spectra from these models were observed to
have very well-defined "nodes” or periodic minima of spectral amplitude. This phenomena is
manifested visually as dark ravs of low wave amplitude. This is hypothesized to be caused by
cancellation effects between the bow and stern wave systems. The composite contour plots of spectral
amplitude and sine and cosine components provide additional information to the nodal plots and show
systematic variation with Froude number. These unusual contour plots may assist in the evaluation

of Kelvin wake numerical modeling techniques.




Results of longitudinal wavecut measurements also show large effects of trim on the how and
stern wave systems. For Model 5201. propulsion accounts for a much larger amplitude of
transverse waves than is generated in the drag body condition. This is important to note sincc wave
resistance experiments are usually performed with unpropelled models. A complex region of wave
generation and superposition is seen to occur between the bow and stern wave. In the case of Model
5359. for which longitudinal wavecuts were obtained over a finely spaced range of Froude numbeis.
an orderly change in this complex system can be observed with increasing speed.

Even the individual photographs which form the stereopairs provide thought-provoking insights
into the overall Kelvin wake pattern. The computer punch chips. used in analyzing the stereopairs.
show both fine detail and general wake features. The contour plots quantify the photographs and
disclose even finer structure in the divergent wave svstem than is seen in the photos.

This set of wake measurements provides greater understanding of the model-generated Kelvin
wave pattern and it is hoped that it will spawn future Kelvin wake studies. both experimental and

computational.
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Fig. 31. Wave spectra of Model 5359 at Fn=0.20. Fn=0.22 and Fn=0.24.
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Fig. 32. Wave spectra of Model 5359 at Fn=0'25' Fn=0.258 and F“=0.28.
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Fig. 33. Wave spectra of Model 5359 at Fn=0'29' Fn==0.30 and Fn=0.3l.
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Fig. 34. Wave spectra of Model 5359 at F“=0.32. F“-—-0.33 and F"=0.34.
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Fig. 35. Wave spectra of Model 5359 at Fn=0.35. Fn=0.36 and Fn=0.37.
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Fig. 36. Wave spectra of Model 5359 at Fn=0'38‘ Fn=0.39 and F;;=0.40.
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Fig. 37. Wave spectra of Model 5359 at Fn=0.4l.
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Fig. 39. Plot of CW for Model 5359.
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Fig. 41. Wave spectra of Model 5415 at Fn=0.25. Fn=0.28 and Fn=0.4l.
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Fig. 44. Photograph of the Kelvin wake generated by Model 4645 at Fn=0.25.
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Fig. 45. Photograph of the Kelvin wake generated by Model 4645 at F_=0.268.
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Fig. 46. Photograph of the Kelvin wake generated by Model 4645 at Fn=0.29.
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Fig. 47, Photograph of the Kelvin wake generated by Model 4645 at
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Fig. 48. Photograph of thc Kelvin wake generated by Model 4645 at Fn=0.3l.
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Fig. 49. Photograph of the Kelvin wake generated by the drag Model 5201 with bow down trim at Fn=0.25.
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Fig. 52. Photograph of the Kelvin wake generated by the diag Model 5201 with stern down trim at Fn=0.25.
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Fig. 65. Contour plot of Kelvin wake generated by propelled Model 5201 with design trim at F"=0.25. from second stereopair.
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Fig. 66. Contour plot of Kelvin wake generated by Model 5359 at F
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Fig. 68. Contour plot of Kelvin wake generated by Model 5415 at F =0.28.
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Table 1. Table of hull form coefficients.

Model 4645 Model 5063 Model 5201 Model 5359 Model 5415
CB 0.531 0.623 0.511 0.503 0.506
CP 0.636 0.629 0.633 0.592 0.613
C,{ 0.835 0.950 0.808 0.850 0.825
CWP 0.765 0.768 0.767 0.746 0.778
L/B 8.930 7.764 9.055 9.668 7.527
B‘{/T 3.135 3.573 3.017 2.570 3.092
LE/L 0.5!8 0.528 0.550 0.551 0.550
LR/L 0.482 0.472 0.450 0.449 0.450
1/2 GE 10.75 9.50 9.00 7.00 11.00
A
oI 60.67 82.70 59.08 59.86 82.55
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Table 2. Summary of kelvin wake experimental data.

Ship Model Scale Length Ship Speed Froude No. Condition
feet knots
' (meters)
DDG 2 4645 21.524 19.51 17.3 0.25 Drag
(5.95) 18.4 0.268 !
18.6 0.27 "
19.3 0.28
20.0 0.29 "
20.7 0.30 !
213 0.31 !
Destroyer 5415 24.824 18.77 18.1 0.25 Drag
(5.72) 20.0 0.28 "
30.0 0.41 "
CVN 68 5063 33.05 31.46 20.0 0.185 Drag
(9.60) 27.0 0.25
CGN 38 5201 24.064 23.27 20.0 0.25 Drag
(7.09) Design trim
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Drag
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Table 2 (Continued)

Ship Model Scale Length Ship Speed Froude No. Condition
feet knots
(meters)
DD 993 5359 24.824 21.36 15.5 0.20 Drag

6.51) 17.0 0.22 "
18.6 0.24 "
19.3 0.25
20.0 0.258 "
21.7 . 0.28
22.5 0.29 "
23.2 0.30 !
24.0 0.31 "
248 0.32 "
25.6 0.33 "
26.3 0.34 "
27.1 0.35 "
271.9 0.36 !
28.6 0.37 "
29.4 0.38 "
30.2 0.39 "
31.0 0.40 "
31.7 0.41 !
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