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Structure and Persistence of Surface Ship Wakes
John Ryan Somero

(ABSTRACT)

It has long been known that ship wakes are observable by synthetic aperture radar. How-
ever, incomplete physical understanding has prevented the development of simulation tools
that can predict both the structure and persistence of wakes in the ocean environment.
It is the focus of this work to develop an end-to-end multi-scale modeling-and-simulation
methodology that captures the known physics between the source of disturbance and the
sensor. This includes turbulent hydrodynamics, free-surface effects, environmental forcing
through Langmuir-type circulations, generation of surface currents and redistribution of
surface-active substances, surface-roughness modification, and simulation of the signature
generated by reflection and scattering of electromagnetic waves from the ocean surface. The
end-to-end methodology is based upon several customized computational fluid dynamics
solvers and empirical models which are linked together. The unsteady Reynolds-averaged
Navier-Stokes equations, including models for the Craik-Leibovich vortex force and near-
surface Reynolds-stress anisotropy, are solved at full-scale Reynolds and Froude numbers on
domains that extend tens of kilometers behind the ship. A parametric study is undertaken to
explore the effects of ship heading, ship propulsion, ocean-wave amplitude and wavelength,
and the relative importance of Langmuir-type circulations vs. near-surface Reynolds-stress
anisotropy on the generation of surface currents that are transverse to the wake centerline.
Due to the vortex force, the structure of the persistent wake is shown to be a function of
the relative angle between the ambient long-wavelength swell and the ship heading. Ships
operating in head seas observe 1-3 streaks, while ships operating in following seas observe
2 symmetric streaks. Ships operating in calm seas generate similar wakes to those in fol-
lowing seas, but with reduced wake width and persistence. In addition to the structure of
the persistent wake, the far wake is shown to be dominated by ship-induced turbulence and
surface-current gradients generating a wide center wake. The redistribution of surface-active
substances by surface currents is simulated using a scalar-transport model on the ocean sur-
face. Simulation of surface-roughness modification is accomplished by solving a wave-action-
balance model which accounts for the relative change in the ambient wave-spectrum by the
surface currents and the damping-effects of surface-active substances and turbulence. Sim-
ulated returns from synthetic aperture radar are generated with two methods implemented.
The first method generates a perfect SAR image where the instrument and platform based
errors are neglected, but the impact of a randomized ocean field on the radar cross section
is considered. The second method simulates the full SAR process including signal detection
and processing. Comparisons are made to full-scale field experiments with good agreement
between the structure of the persistent wake and observed SAR imagery.
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(GENERAL AUDIENCE ABSTRACT)

It has long been known that ship wakes are observable by synthetic aperture radar. However,
incomplete physical understanding has prevented the development of simulation tools that
can predict both the structure and persistence of wakes in the ocean environment, which
is critical to understanding both the design and operation of maritime remote sensors as
well as providing tactically relevant operational guidance and awareness of the maritime
domain. It is the focus of this work to develop an end-to-end multi-scale modeling-and-
simulation methodology that captures the known physics between the source of disturbance
and the sensor. This includes turbulent hydrodynamics, free-surface effects, environmen-
tal forcing, generation of surface currents and redistribution of surface-active substances,
surface-roughness modification, and simulation of the signature from the ocean surface. The
end-to-end methodology is based upon several customized computational fluid dynamics
solvers and empirical models. The unsteady Reynolds-averaged Navier-Stokes equations, in-
cluding models to account for environmental effects and near-surface turbulence, are solved
at full-scale on domains that extend tens of kilometers behind the ship. A parametric study
is undertaken to explore the effects of ship heading, ship propulsion, ocean-wave amplitude
and wavelength, and the relative importance of environmental forcing vs. near-surface tur-
bulence on the generation of surface currents that are transverse to the wake centerline. Due
to the environmental forcing, the structure of the persistent wake is shown to be a function
of the relative angle between the ambient long-wavelength swell and the ship heading. Ships
operating in head seas observe 1-3 streaks, while ships operating in following seas observe
2 symmetric streaks. Ships operating in calm seas generate similar wakes to those in fol-
lowing seas, but with reduced wake width and persistence. In addition to the structure of
the persistent wake, the far wake is shown to be dominated by ship-induced turbulence and
surface-current gradients generating a wide center wake. The redistribution of surface films
by surface currents is simulated using a scalar-transport model on the ocean surface. Sim-
ulation of surface-roughness modification is accomplished by solving a wave-action-balance
model which accounts for the relative change in the ambient surface profile by the surface
currents and the damping-effects of surface-active substances and turbulence. Simulated
returns from synthetic aperture radar are generated with two methods implemented. The
first method generates a perfect SAR image where the instrument and platform based er-
rors are neglected, but the impact of a randomized ocean field on the radar cross section is
considered. The second method simulates the full SAR process including signal detection
and processing. Comparisons are made to full-scale field experiments with good agreement
between the structure of the persistent wake and observed SAR imagery.
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Chapter 1

Introduction

Remote sensing of surface ship wakes has gained significant interest in the technical com-
munity since it first became practical on a global scale with the introduction of synthetic
aperture radar (SAR) on the NASA satellite SEASAT in 1978.Prior to the introduction of
SAR on SEASAT, remote sensing of the Earth’s surface was conducted either via aircraft
or by optical methods on satellites. Aircraft based systems naturally were limited on range
and only truly practical for monitoring high value areas or investigating already identified
areas of interest. Satellite based optical instruments could provide resolution sufficient for
maritime surveillance (O(10 m)), but wavelengths in the visible and infrared spectrum are
subject to significant levels of absorption through clouds and are dependent on reflected
sunlight, requiring day-time only operation. Use of the microwave spectrum would allow for
operation regardless of weather and time of day as the longer wavelengths are less attenuated
by clouds and do not rely on reflected sunlight, but equal resolution to optical sensors (10m)
would require an aperture of O(10km).

Application of a synthetic aperture though, inverts the relationship between antenna size
and resolution. Here, pulses are emitted that are sufficiently wide to cover a location on the
surface over a range of pulses. The phase and Doppler shift of the return from that location
between pulses is recorded and processed to generate a synthetic aperture that covers the full
distance over which the location is observable. This method allows for resolutions similar
to optical sensors to be achieved at microwave frequencies with relatively small physical
antennas. The use of SAR on SEASAT allowed for the study of a previously unachievable
number of ship wakes in addition to other oceanographic features such as internal waves and
bathymetry [19, 41, 125, 153].

Research on these original images focused heavily on the Kelvin wake and the formation of
internal waves in the near field as these were readily observable. Discussion on the narrow
V-wake also drew attention as traditional Kelvin wake theory did not predict the formation
of such features where wake half angles ranged from 1° to the classically predicted 19.5°. In
addition, features that were previously attributed to internal waves were observed in regions
with deep mixed layers where internal waves were not expected to be generated. These
observations led to follow on experiments such as the Georgia Straight and Gulf of Alaska
experiments [19], 1984 SARSEX Experiment [75], WAKEX 86 [73], the 1989 Office of Naval
Research (ONR) Field Experiment [118], the 1994 Loch Linnhe radar ocean imaging trials
[105], in addition to numerous target of opportunity studies.
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Figure 1.1: SAR imaging modes. Used with permission of Muff [104].

Advances in SAR technology have made the monitoring of the maritime environment pos-
sible from space based systems. The European space agency utilizes the Copernicus pro-
gram, through its system of Sentinel satellites, for maritime surveillance [53]. The Canadian
space agency uses RADARSAT-2 [85] for the same as does the German space agency with
TerraSAR-X [152] and the Italian space agency with COSMO-SkyMed [18]. A brief survey of
current space based SAR systems is provided in Table 1.1 with resolutions in both spotlight
and strip map modes, Figure 1.1. Spotlight modes are used for the finest of resolutions on
a single fixed location. Strip map modes are more used for scanning or surveillance.

In general, these systems are capable of directly observing the presence of surface ships
as available resolution has improved, though the direct detection of ships, especially those
traveling at high speed, can be challenging. This has led to research of remote detection via
the ship’s wake [50, 52, 74, 164]. In addition, operational information such as ship speed
and heading can be estimated from wake parameters [49, 51, 163].
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Table 1.1: Modern satellite based SAR systems. [1, 2, 64, 79, 109]

Spotlight Strip Mode

Satellite Country | Launched | Band | Resolution (m) | Resolution (m)
RADARSAT-2 | Canada 2007 C 1x3 25
TeraSAR-X Germany 2007 X 1 16
Cosmo-SkyMed Italy 2007 X 1 15
SAR-Lupe Germany 2007 X 0.5 1
HJ1C China 2012 S 5 20
KOMPSAT-5 Korea 2013 X 1 3
ALOS-2 Japan 2014 L 1x3 3
Sentinel-1 Europe 2015 C - 5
NovaSAR UK 2018 S 6 30
Paz Spain 2018 X 1 6

ICEYE Finland 2018 X 0.25 0.5x3

RISAT-2B India 2019 X 1 3
Capella USA 2019 X 0.3 1

There are several distinct processes generated by a self—propelled ship: surface waves gen-
erated by the ship hull (Kelvin wake); propeller and hull-induced near—surface flow and
turbulence; and bubbles produced by the propellers and breaking bow waves [114]. These
features are well documented in field [115] and towing—tank [116, 143] experiments. Most
of these features decay several ship lengths behind the vessel [143], which is also shown by
simulations presented in this work. Nevertheless, it is well known that some features of
ship wakes can be observed well after the passage of the ship, in some cases tens of kilome-
ters behind the vessel, Figure 1.2. This dissertation addresses the physical mechanisms for
the formation and resulting structure of such long-lasting ship wakes, and describes their
qualitative and some quantitative features.

A distinction should be made between different stages in the development of a ship wake.
Commonly, a near and far wake are described [42, 113, 124]. The near wake consists of
perturbations generated in the vicinity of the ship by propellers, appendages, and the hull.
The far wake is the region of the wake where these perturbations evolve and decay behind
the ship. The physical mechanism of persistence of the ship wake beyond this far-field
region is not currently explained. Here, the part of the wake that exists long after the initial
perturbations generated by the ship dissipate is called the persistent wake.

In SAR images of the sea surface, ship wakes produce one or several streaks along the
trajectory of the ship. The brightness of the streaks, in comparison to the background,
depends on the amplitude of the short surface waves, which are responsible for reflection of
the radar waves. Dark and bright streaks correspond to lower and higher amplitude short
surface waves, respectively. The amplitude of the short surface waves is affected mainly by
surface currents, near—surface turbulence, and films of surface-active substance (SAS) which
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Figure 1.2: SAR image of ship wake from ERS-1 in the Straight of Malacca, 1996.
Photo:ESA.

alter the elasticity of the ocean surface. Surface-active substances are chloroform-soluble
material that primarily consist of fatty esters, fatty acids, fatty alcohols, and hydrocarbons
that form thin films at the surface [44]. Surface currents can produce some effect on the
wave amplitude in the near— and far—-wake regions [42]. However, since the velocity of
surface currents generated in the ship wake is relatively low, the turbulence and SAS play
more important roles in the formation of surface images. In general, the far wake, where
initial turbulent perturbations still exist, is normally seen in the image as a dark streak
called the centerline wake, which is formed due to damping of the short surface waves by
turbulence.

Further away from the ship, and depending on environmental conditions, there are two major
types of persistent wakes that could be observed: a “centerline” wake or a “railroad—track”
wake. Examples of such ship wakes are presented in figures 1.3 and 1.4, which are SAR
images from Milgram et al. [97]. The centerline persistent wake appears as a dark streak,
while the railroad—track persistent wake appears as a bright streak along the centerline with
two dark streaks around it (“the railroad tracks”). Under conditions of following seas, it can
be seen in the SAR image presented in Figure 1.4, that in the far wake, the centerline wake
transforms into the railroad—track type of persistent wake.

Considerable efforts have been placed towards the understanding and prediction of wakes
observed in SAR with several mechanisms suggested that do not have published predictions
of persistence for actual surface ship conditions. Two primary mechanisms whose persistence
had not previously been quantified are the transverse surface currents induced by Langmuir-
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Figure 1.3: SAR image of USS Chandler (DDG-996) in head seas with a persistent centerline
wake [97]

i s‘k".’ o~

Figure 1.4: SAR image of USS Chandler (DDG-996) in following seas with a “railroad—track”
persistent wake [97].

type circulations [13] and near—surface Reynolds stress anisotropy [156]. In this work we
first study the impact of Langmuir-type circulations (LTC) generated by a surface ship
and demonstrate the long lasting persistence of such circulations and their impact on the
formation and structure of surface currents in the far and persistent wake. Then the effects of
near-surface Reynolds stress anisotropy are included and it is shown that the two mechanisms
have complementary roles in defining the structure of the persistent wake. It is also shown
that the wake is dependent not only on the physical and operational characteristics of the
ship, but also on the ambient environmental conditions in which it operates. The surface
currents that are generated by LTC and turbulence anisotropy are then shown to redistribute
ambient SAS into the observed centerline or rail-road track streaks that define the persistent
wake in SAR imagery. Whether the wake forms a centerline or rail-road track persistent
wake is shown to be a function of the relative angle between the ship heading and the
ambient wave field vector and the strength of induced LTC. The short wave damping due
to the compacting of SAS is taken with the effects of ship induced turbulence and surface
currents to model the modification of ocean surface roughness, which is measured by SAR
as the backscattering coefficient. It is demonstrated that SAS plays the primary role in the
formation of the persistent wake, with turbulence and surface currents contributing to the
structure in the near and far wake.

This dissertation is outlined as follows. First a review of previous research into the formation



and modeling of the persistent wake is provided. Discussions on the physical mechanisms
responsible for the damping of short wind waves is provided along with experimental results
that support the development of mathematical models to describe the damping. Descrip-
tions of previously developed wave action balance models are discussed along with their
applicability for use with remote sensing applications. Second, the effect on the persistent
wake by Langmuir-type circulations is explored. The formation and evolution of the vortex
force is discussed and shown to be responsible for the formation of LTC and in turn per-
sistent surface currents. Third, the redistribution of surface active substances are modeled
based on the LTC induced surface currents and the resulting damping of short wind waves is
discussed. Fourth, a model that incorporates surface currents due to near surface Reynolds
stress anisotropy is discussed and implemented along with LTC. Relative comparisons are
made between the two mechanisms on their impact on ocean surface roughness. The effects
of turbulence and surface currents are also incorporated into the surface roughness modifi-
cation model to study the relative importance of each mechanism in the far and persistent
wake. Finally, the model is exercised within a SAR prediction algorithm that incorporates
a randomized ocean realization and comparison to available full scale experimental data is
made. A discussion on the limitations of the model as well as future efforts that would
improve the prediction of ship wakes is provided in conclusion.



Chapter 2

Review of Literature

2.1 Wave Action

SAR instruments are capable of detecting the presence of a ship wake by the modification of
the surface roughness, which is measured as the radar back scatter. Dark areas show regions
of low surface roughness where as bright areas show regions of high surface roughness. The
roughness of the surface is a function of the distribution of wave energy through the wave
number spectrum and the frequency of the radar being used. Higher frequency radar will be
Bragg resonant with shorter wavelength waves and lower frequency radar will be resonant
with relatively longer wavelengths such that the water wave number (k,) that is Bragg
resonant with a given electromagnetic wave number (k,) is given by

ky = 2k, sin(¢) (2.1)

where ¢ is the incident angle of the incoming radar beam. SAR instruments in general operate
at frequencies ranging from f, = 1 — 10 GHz which corresponds to water wave numbers and
frequencies (f,,) for gravity-capillary waves as given in Table 2.1 for a 50 degree incidence
angle.

Radar Band | f, (GHz) | k. | fo» (Hz) | Ky
L Band 1.25 2.62 3.18 40.1
S Band 3.1 6.49 5.15 99.5
C Band 5.3 11.1 7.16 170
X Band 9.6 20.1 11.4 308

Table 2.1: Water wave numbers that are Bragg resonant with SAR relevant electromagnetic
frequencies and wave numbers.

In addition to the wave frequency, the direction of energy propagation is also important. In
general, SAR will receive the strongest variation in returns from energy traveling either to-
wards or away from the incident beam. Just as variations in global and local wind conditions
drive a range of wave frequencies and directions, Figure 2.1, the hydrodynamic phenomena
that act in the wake of a ship along with variable currents and wind directions generate a
spectrum of wave energy that is termed as the energy density spectrum E(f,0).
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Figure 2.1: Illustration of spectral wave energy density (Holthuijsen [61]) Used permission
of Cambridge University Press through PLSclear

The energy density though, is not conserved during propagation with ambient currents. The
action spectral density (£/w), where w is the water wave intrinsic frequency, however is and
can be written as given by Hasselmann [55], Hughes [62] as

N N ; ON
%—t+(ogi+Ui)g—%—kig—Zg—% —(B—7) N — aN? (2.2)
where N is the action spectral density of wave action, k,, denotes a wave vector of wind
waves, Cy; is the wind-wave group velocity, and U; is the velocity of the surface currents.
The right—hand side follows the formulation of Hughes [62] where (3 is the wind—wave growth
rate, v accounts for the damping of the waves due to surface films and turbulence, and « is a
phenomenological coefficient to account for the nonlinear effects that limit the wave growth
such as wave breaking.

The wind-wave growth rate, (3, is traditionally modeled using the formulation of Plant [120]
as

B = 0.04w <“—>2 (2.3)

C

where u, is the wind friction velocity, ¢ is the phase velocity (¢ = «/k), and k is the wavenum-
ber. This relationship has been shown to well correlate with experiment [151].
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An alternate expression has been suggested by Donelan and Pierson Jr [33] given as

B=rKle {U (%) ¢— 1]2w. (2.4)

w

Here K is an empirical constant originally given as K = 0.194, but later improved agreement
with experiment was found for K = 0.17 [34]. The terms p, and p,, designate the density of
air and water and U (3) is a function of U(z) and u, as

U (g) —U(2) + %m (%) (2.5)

where x is von Karman’s constant, x = 0.4, and z is the vertical height above the water.
These two formulations have been shown to provide good correlation with data and almost
identical predictions of wave growth for wavelengths relevant to remote sensing by SAR in
the gravity-capillary regime [34]. Discussion on damping terms will be provided in the next
sections.

Several codes have been developed to solve for the wave action balance with various pri-
mary purposes. Most modern general wave action balance solvers are referred to as third
generation wave models, as they have built upon several generations of predecessors. These
types of models include SWAN [15], developed and maintained by Delft University of Tech-
nology, WAVEWATCH III [162], developed and maintained by the National Oceanic and
Atmospheric Administration (NOAA), and WAM [54], developed by the WAMDI Group and
maintained by the National Oceanography Centre (UK). These models are in general used
for oceanic scale modeling for weather prediction and analysis. As such, only gravity waves
are currently supported and the impact of higher wavenumbers are suppressed through a
damping function

apM
AN = 2.
720k3cg (2:6)

where ~ is a limitation factor, usually taken as v = 0.1, apy; = 8.1 x 1073 is the Phillips
constant for a Pierson-Moskowitz spectrum, o is the wave frequency, k is the wave number,
and ¢, is the wave group velocity. While this is required for numerical stability, it limits
the applicability of such codes for remote sensing applications where wavenumbers of order
O(100) are relevant.

The Environmental Research Institute of Michigan (ERIM) developed an ocean model com-
monly referred to as EOM (ERIM Ocean Model) to solve the wave action balance with
interest in remote sensing applications. This requires the solver be suitable for wave num-
bers that are applicable for SAR. The code uses a modified upwind finite difference method
for the advective and wave-current interaction terms. Here the action spectral density is
solved at fixed wave number and spatial coordinates and designated as (A), to permit use
of a sweeping algorithm where each grid point is solved each iteration only if it had not



reached a converged state the previous iteration. Solutions are considered converged once
residuals are reduced to less than 107%. In order to account for the need to resolve high
wavenumbers, 94/ak is solved as a perturbation function where A = A., + AA, where A,,
is the equilibrium value and AA is the difference from equilibrium. This modification is
required as the action spectrum falls off as K ~*° at high wavenumbers, which are of utmost
interest to SAR. Various versions of this model have been used by a range of authors to study
multiple oceanographic processes and scales, Ainsworth et al. [3], Allan et al. [4], Fischer and
Shuchman [39], Fischer et al. [40], Jansen et al. [66], Johannessen et al. [67, 68, 69], Lyden
et al. [88, 89], Lyzenga [91, 92], Lyzenga and Bennett [93], RA et al. [122].

Additional models developed for the purpose of remote sensing applications are detailed in
Romeiser et al. [126], Kudryavtsev et al. [80], Apel [10], Holliday et al. [60], and Jansen
et al. [66]. The NRL (Naval Research Laboratory) Time Dependent Ocean Wave (NTOW)
model [66] was compared to EOM with good agreement between the models. In particular,
the NTOW model and EOM compared well when comparing the modulation of the action
spectral density due to a stationary soliton-like current. Allan et al. [4] also compared
the results from NTOW and EOM and found similar results when analyzing wave-current
interaction off Cape Hatteras, NC. While results between the models were comparable, they
both under predicted the RCS modulation due to an under prediction of the scattering due
to wave breaking. In a similar study, the model of Romeiser et al. [126] (M4S) was also
compared with a NRL model based on Lyzenga and Bennett [93], a formulation similar to
EOM, for predicting SAR modulation in the gulf stream with comparisons made to SAR
images from the space shuttle [21]. Comparisons to the data show variations less than
0.5 dB with the majority of the field producing variations less than 0.2 dB. Johannessen
et al. [67] conducted a study of a range of models that included EOM and the model of
[126] (M4S). It was found that similar results were achieved in SAR backscatter due to
current shear and convergence/divergence zones as well as the modeling of internal waves.
True [148] conducted the most complete model validation of EOM with comparisons made
to exact theoretical solutions where linear solutions could be solved when the assumption
of small shear is made, code-to-code testing conducted against the SAIC and DTI-SAR
models, and finally to experimental data. The results for the theoretical comparison showed
some level of numerical diffusion for generally coarser meshes, but this was resolved with
increased mesh density. The code-to-code comparisons and comparisons to data showed
similar results across codes with good agreement to the experimental data for most cases.
Comparisons between codes were made using the perfect SAR mode, where effects due to
speckle and instrumentation limitations are neglected as the comparison codes did not include
the functionality to predict the full SAR process and simply impose a speckle distribution
on the final RCS image.

In the following sections, mechanisms for the damping of surface roughness will be discussed.
As the primarily interest here is in the persistent wake, focus is placed on previous research
into the long lasting effects of the wake. Research into the hydrodynamics of the persistent
centerline wake focus primarily on the effects of surface active substances (SAS) and turbu-
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lence. Milgram [96] found that the short wave decay rate due to the presence of both SAS
and turbulence was equal to the sum of the decay rates of SAS and turbulence alone, at
least for turbulence levels that could be generated in the laboratory. As such, the effects of
each are studied in turn. Relevant experimental studies at both laboratory and full scale are
discussed along with theory and model formulations.

2.2 Short Wave Dampening by Surface Active Sub-
stances

2.2.1 Full Scale Experiments

A significant full scale field study was conducted by the Office of Naval Research to quantify
the effect of SAS films on the persistent wake([118]). A range of vessels were used in the
experiment with the majority of published data focusing on the USS Chandler (DDG-996),
a US Navy destroyer. Ship speeds from 12 knots to 25 knots were used, corresponding to
Froude numbers of 0.156 to 0.324. Measurements were taken of surface tension across the
wake to identify the location of SAS streaks while overhead SAR data was also collected
by aircraft. In situ measurements at the sea surface demonstrated that the streaks in the
persistent wake observed in SAR imagery are caused by the redistribution of SAS films, which
dampen the short surface waves, reducing their amplitude and thereby locally changing the
brightness of the surface imagery. Additionally, the width of the wake was found to be a
function of the Froude number as wider wakes were observed with increasing Froude number.
Further analysis into the data by Golbraikh et al. [47] found an improved relationship for the
downstream wake width by incorporating a Fr? term into the self similarity profile. Some
level of variability through remained in the analysis. Golbraikh et al. [47] commented that
the scatter is most likely due to varying environmental conditions.

An additional full scale field study was conducted by the Naval Research Laboratory, Kaiser
et al. [73], where the surface tension in the wake of large commercial shipping vessels were
measured as well as axial and transverse surface currents. Similar to the results of Peltzer
et al. [118], SAS were found to be compacted along the edges of the wake with regions of
reduced surface tension on the order of several meters wide. Surface tension was measured
using spreading oils on toothpicks that were dropped into the wake off a trailing vessel.
In addition, surface currents were measured by placing floaters in the wake and recording
their motion via aircraft. It was found that cross-wake transverse currents were measured
that occurred for large ship types and which decayed at a slower rate than the axial velocity
(275/% vs 72). The same transverse currents were not easily detected for the smaller research
vessels, but significant uncertainty existed for these measurements.

Small scale experiments have also been conducted by Ermakov and Kapustin [35] and Er-
makov et al. [36]. Ermakov and Kapustin [35] and Ermakov et al. [36] measured velocity
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profiles in the wake of ships using an Acoustic Doppler Current Profiler (ADCP) as well as
collected surface samples in the regions of the SAS bands. Ermakov and Kapustin [35] found
that slicks did not form directly behind the vessels of interest, but appeared several ship
lengths after passage. It was also found that the persistence of the wake was a function of
the near-surface wind speeds. As wind speeds increased from 1 — 6 m/s, both the persistence
and the width of the wake increased. The rate of growth was found to be consistent across
wind speeds, but the duration of the expansion stage was a function of the near-surface wind
speed.

2.2.2 Dampening of SAS

The damping effect of SAS is caused by increased viscous damping in the interface boundary
layer ([5]). As a wave passes through an area with a surface film, local areas of contraction
and expansion form, which generate gradients in surface tension. The elastic stress that is
induced by the gradients in surface tension are balanced by shear stresses in the interface
boundary layer. This effect occurs over a very thin layer at the surface (O(1mm)) that
exists within the viscous sublayer of the free surface boundary layer. Comparing the velocity
gradients at the surface with a film layer to a clean surface, Alpers and Hithnerfuss [5]
showed an increase of almost two orders of magnitude. This effect is often referred to in the
literature as the Marangoni wave damping theory.

The relative damping ratio between a surface with a film and a clean surface is given by

14 X (cost) — sinf) + XY — Ysind

s . 2.
7 1 —2X (cost — sinf) + 2X? (2.7)
where
E|k?
X = 2] (2.8)
2wy
and
Elk
y — |EI (2.9)
dwrp

Here, 6 is the phase angle for the complex dilational modulus, £ = |E|exp(—if). Alpers
and Hithnerfuss [5] studied five different monomolecular slicks and found values of § between
175-177 degrees. Assuming the phase angle to be approximately 180 degrees, equation 2.7
simplifies to

_1-X+XY
1 —-2X +2X2

Vs (2.10)
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This form the equation is used by Da Silva et al. [29] in the study of internal waves passing
through ambient slicks. This form of the equation is also reflected, with a modest simpli-
fication of the form presented, by Cini and Lombardini [22] under the assumption that the
diffusional relaxation time is small.

Milgram et al. [100] offers a variation to equation 2.10, using

X+ XY +2X?
= . 2.11
T T T oX 1 2xe (2.11)
The film elasticity, E, is related to the film pressure, II, by
dll dIl
F=-A—=———. (2.12)

dA — d(In(A))

Peltzer et al. [118] provides a simplified relationship that is used here based on samples taken
from a range of sources from Barger and Klusty [11] as

26311
424"

(2.13)

The relative damping due to SAS for a range of film data for S-Band Brag-resonant waves
is shown in Figure 2.2. Data from two days of the ONR Field Experiment [115], January
28 and 29, are shown along with data from Da Silva et al. [29]. The data from the ONR
Field experiment is shown using both equations 2.12 and 2.13, while Da Silva et al. [29] uses
only equation 2.12. Equation 2.13 returns similar results using data from either January 28
or 29, but differ significantly from those using the theoretical formulation. Equation 2.13
tends to find a smoothed average between the theoretical values from the two data sets.
The values from January 29 using equation 2.12 compare reasonably well with those from
Da Silva et al. [29] up to SAS concentration ratios around 2 and follow similar trends till
concentration ratios of 3. Here, equation 2.13 is primarily used, but comparison is made to
the properties from Da Silva et al. [29].

Experimental studies on the short wave dampening of SAS were also conducted by Mass
and Milgram [94] and Milgram [96]. Mass and Milgram [94] studied the dynamic behavior
of SAS as it was well known that the elasticity of SAS played a critical role in its dampening
characteristics, but the impact of wave frequency on the elasticity was not well understood.
Studying a range wave frequencies and SAS types, it was found that both the surface viscosity
as well as the elasticity’s dependency on wave frequency did not significantly impact the
dampening characteristics. Application of the Marangoni wave damping theory provided
the best agreement with the experimental results when quasi-static values of the elasticity
were used along with zero surface viscosity. Milgram [96] applied these findings to compare
experimentally measured spatial decay rates with theory. Excellent results were achieved
across a frequency range of 3-7 Hz using a range of surface films, providing verification
of theory. It should also be noted here the relationship between wave number, elasticity,
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Figure 2.2: SAS damping relative to clean water viscous damping using film elasticity data
from [118] and Da Silva et al. [29] at S-Band.

and energy damping. Mass and Milgram [94] showed a variation in the surface elasticity
associated with the peak decay rate for water wave frequencies ranging from 0-25 Hz, figure
2.3. Primary interest here is focused on frequencies between 3-11 Hz. At higher frequencies
(11 Hz), an inverse relationship between elasticity and decay rate is observed, whereas for
lower frequencies (3 Hz), a direct relationship is observed. The curve for an elasticity of
20 mN/m crosses the higher elasticises at a frequency corresponding to S-Band and the curve
for an elasticity of 10™N/m crosses at a frequency corresponding to C-Band. This results in
the situation where an elasticity of 10 m~N/m at C-Band produces similar damping to 40 mN/m
at X-Band. The impact of elasticity and frequency will be further discussed in chapters 5
and 6.

Several sources for the formation and persistence of the observed SAS streaks have been
offered. Initial redistribution of ambient SAS in ship wakes has been shown to be caused
by hull induced currents and breaking waves from the bow and stern. Peltzer et al. [117]
compared overhead imagery of the near wake of DDG-996 along with a model scale destroyer,
DD model 5359, and found close agreement between the visible near wake of the ship driving
through an ambient SAS field and the model moving through a seeded tow tank. Skop et al.
[132] demonstrates that rising bubbles generated in the near wake by the propellers and
breaking waves scavenge subsurface SAS and deposits it on the surface with lesser scavenging
also possible by upwelling currents. Ship induced bubble clouds have been shown to persist
for up to an hour after passage of the vessel, providing a consistent source of SAS to the
surface. Peltzer et al. [117], based on the observations of Kaiser et al. [73], suggests that
cross-wake surface currents transport the scavenged SAS to the wake edges, reinforcing the
already formed initial streaks and widening the width of the wake.

Croot et al. [28] and Wurl et al. [161] have found significant levels of below surface SAS
concentrated above the pycnocline where in some cases concentrations were greater within
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Figure 2.3: Impact of water wave frequency and surface elasticty on wave energy damping.
Mass and Milgram [94]

the water column than on the surface, Figure 2.4. Peak values of SAS around 60m depth were
observed on most days in the study of Croot et al. [28], but with variations in the magnitude
and distribution throughout the remaining water column. Wurl et al. [161] observed similar
variation in the location of maximum subsurface SAS with depths ranging from 20-150 m.

These surface active substances are found to be comprised of amino acids, proteins, fatty
acids, lipids, phenol, and additional organic compounds that are usually monomolecular with
hydrophilic heads and hydrophobic tails. This orientation stands SAS molecules on end once
deposited on the free surface and resists desorption back into the bulk fluid. The largest
source of these organic materials are from phytoplankton as part of their metabolic process
and decay [87, 94, 161, 165]. The distribution of phytoplankton within the water column
therefore directly influences the distribution of subsurface SAS. The level of phytoplantkon
production tends to be seasonal and is highly dependent on location,(Gasparovi¢ and Cosovié
[45], Weston et al. [158]), leading to a seasonal variation in the levels of ambient SAS within

the water column.

2.2.3 Surface Currents

Several authors have offered explanations for the mechanism responsible for the formation
of SAS redistributing surface currents. The most prominate theories are swirl generated by
propellers [42, 150]; hull-induced transverse currents; and flow generated by rising bubbles
[36, 115]. Lyden et al. [88] suggested that the surface currents are generated by twin bilge
vorticies that shed off the hull based on studies by Swanson [142]. In the case of a displace-
ment vessel, a down force is generated by flow acceleration under the hull. The formation of
this down force, or negative lift, is accompanied by generation of circulation which must be
shed as a vortex pair. This vortex pair is predicted to generate outboard surface currents
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Figure 2.4: Distribution of SAS, density, and florescence within the water column over a 2
week period. SAS-symbols, density-blue line, florescence-black line. (Croot et al. [28])
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on the order of O(1 cm/s) 1km aft of a 5000 ton ship and 10km aft of a 500,000 ton vessel.
The presence of such features in the near wake, however, has been found to be highly ship
dependent. Johnston and Walker [71] studied the near wake of a 1/12 scale model of the U.S.
Navy fleet tug Quapaw, which has been used extensively in full scale ship wake research.
While a consistent transverse surface current was observed, no evidence was found of hull
induced vorticies that would impact the surface. Hoekstra and Aalbers [59] performed an
experimental study with 9 ships: 3 tankers, 3 container ships, and 3 frigates, and found the
ability to detect hull induced vorticies in the near wake to be dependent on stern shape and
propulsion type. Not all towed hulls were found to generate hull vorticies, and of those that
did, the inclusion of propellers and rudders often complicated the flow field sufficiently to
render the presence of a structured hull induced vortex in-perceivable. Towing—tank exper-
iments reported by Swean [143] show the formation of a pair of secondary inward rotating
vortices with outward rotating propellers that are speculated to be shed from the hull or
induced by the propeller swirl, but the same secondary vortex pair is not observed with
inward rotating propellers. Computational simulations of the U.S. Navy ship model 5415
with outward rotating propellers, relative to surface centerline, by Hyman [63] and Stern
et al. [139] also show the formation of secondary induced circulatory motions that rotate
inward in agreement with the experimental findings of Swean [143]. The circulations that
can be attributed to the redistribution of SAS to the wake’s outer edges, however, must be
outward rotating. Kaiser et al. [73] also found that smaller planning vessels, which generate
positive lift, did not generate circulations opposite to those of the larger displacement hulls
as was expected based on Swanson [142].

Anthony and Willmarth [8] and Walker et al. [156] experimentally studied the formation
of surface currents due to near surface free shear flows over a range of Reynolds numbers
(Re=UD/vr) and Froude numbers (Fr=U/\/gD). It was found that a surface current trans-
verse to the direction of a near surface turbulent jet formed due to the Reynolds stress
anisotropy induced by the free surface. In low Froude number conditions (Fr = U/\4D = 1),
i.e. flat free surface, the vertical stresses are damped at the surface with their energy re-
distributed to the horizontal normal components. This effect is limited to a thin surface
layer, approximately equal to the diameter of the jet, Figure 2.5. In the case of low Froude
number, the free surface fluctuations (7') are much smaller than the vertical length scale (9)
such that the flat free surface boundary condition requires 9U/o: = 9V/a. = 0 (ie. no shear)
at the surface. Based on an order of magnitude analysis by Walker et al. [156], to the first
order, the y-momentum Reynolds Averaged Navier Stokes (RANS) equation reduces to:

U +V— = —

U+ V= 5 (7~ 7):

(2.14)

Walker [155] demonstrates that it is the departure from isotropy that drives the surface
currents as a function of (W — W), where w’ and v’ are the vertical and transverse velocity

fluctuations. This work also provided a slightly simpler explanation for the formation of the
transverse surface currents compared to Launder and Rodi [83]. There it was suggested that
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Figure 2.5: Schematic of the streamwise velocity of a deep turbulent jet (a) and a turbulent
jet near the free surface (b). (Walker [155])

the currents were due to the production of streamwise vorticity. This process would require
the presence of both horizontal and vertical Reynolds stress gradients. Walker [155] suggests
that the only requirement for the formation of surface currents is the lateral Reynolds stress
gradient.

Ramberg et al. [123] and Swean Jr et al. [144] studied the case of a turbulent plane jet issued
directly beneath the free surface where the vertical Reynolds stresses were redistributed to
the horizontal components with increasing anisotropy with increasing downstream distance.
Miner et al. [101] performed numerical studies of the same experiments using a modified
algebraic turbulence model and achieved reasonable correlation with the experimental data
through the use of a Reynolds stress redistribution model, supporting the hypothesis of
Walker [155] that the surface currents can be reproduced simply through the redistribution
of the Reynolds stresses.

The previously discussed experiments all used conditions where the surface of the water was
free of contaminants. In a real ocean environment, the surface can be covered with films as
discussed in the previous section. Anthony et al. [9] experimentally studied the influence of
a surface film on a near surface turbulent jet at Fr=>5.7 and found that in the case with a
surface film, the significant lateral spreading and transverse currents were reduced compared
to the clean surface condition. It was hypothesized that the presence of the surface films
induces the production of secondary vorticity parallel to the surface just beneath the film
layer which allows for turbulent mixing normal to the surface. In the case of a clean surface,
vortex filaments connect to the free surface as observed in medium/high Froude number
cases, which aligns these filaments normal to the surface and prevents effective turbulent
mixing normal to the surface.

Shen et al. [127] used DNS to study the impact of surface films on a turbulent shear flow and
found the redistribution of the Reynolds stresses to be primarily reduced due to the elasticity
of the surface film. As the elasticity of the surface film is able to support shear stresses, the
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Figure 2.6: Vertical profiles of velocity fluctuations,

vorticity components, and vertical ve-
locity gradients for shear flow issuing under a clean free surface (a) and a contaminated free
surface (b). (Shen et al. [127])
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shear-free boundary condition in the case of a clean surface no longer applies. Turbulent
kinetic energy (TKE) at the surface is partially absorbed by the elasticity of the surface film
with reductions observed in both u and v velocity fluctuations. McKenna [95] found that
the TKE at the surface in the presence of surface films was half that of a clean surface. Shen
et al. [127] showed that the presence of surface films also significantly increases streamwise
and tangential vorticity at the surface, both of which go to zero for a clean surface due to the
surface boundary conditions, Figure 2.6. As the surface film can support shear stresses, 94/a-
and 9v/a- significantly increase approaching the surface, giving rise to the horizontal vorticity
components. This result supports the conjecture of Anthony et al. [9] of the formation of
surface parallel vorticity. The mechanism reducing near surface fluctuations can further be
observed through the impact on the TKE budget. It was observed that as the contaminated
surface is approached the terms in the pressure strain correlation, which are responsible
for the transfer of turbulent energy from the streamwise component to the vertical and
tangential, are reduced as the velocity fluctuations are all reduced. The elasticity of the
surface film increases turbulent dissipation and viscous diffusion while reducing turbulent
production and transport. The turbulent dissipation rate, €, though is substantially increased
due to the increased surface tangential stresses. The impacts of a surface film were observed
to occur for even low concentrations, but with increasing effect as the concentration increases.

Basovich [13] also described a mechanism for the generation of large scale circulations in
a ship wake. It was shown that such circulations are produced by the interaction of a
near-surface current with ambient surface waves as displayed in Figure 2.7. The current
induces near surface vorticity which interacts with the ambient surface waves and generates
a form of the Craik-Leibovich (CL) vortex force. A full derivation of the CL vortex force is
provided in Appendix A. These circulations are similar in nature to Langmuir circulations,
which are generated by the interaction of wind induced vorticity with ambient surface waves
[14, 26, 43, 81, 140]. Langmuir circulations (LC) are formed near the sea surface as a result
of an instability of the wind—driven surface current interacting with the surface waves. The
non—uniform structure of the current in that case is due to the instability of the developing
current. In contrast, the circulations described by Basovich [13] are generated around a
non—uniform current introduced by an external source, such circulations are referred to as
Langmuir—type circulations (LTC). The characteristic scales of the resulting circulations are
larger than the transverse scale of the current itself. Basovich [13] found the distance from
the center of a surface jet to the point where the horizontal velocity reduced by an order of
magnitude from its peak, to be approximately three times the horizontal characteristic length
scale of the initial current after only 60 seconds. The size of the circulations were found to be
relatively independent of the ambient wave field’s wavelength, while the maximum horizontal
surface velocity was a function of both the wavelength and current characteristic length scale
as Uy, X %, where A\ is the wavelength and «a is the horizontal characteristic length scale.
Using a characteristic horizontal length scale of 20m, which would be a reasonable ship beam,
and an ambient wavelength of 10m, maximum surface currents over 1 cm/s were predicted
after 60 seconds and grew linearly with time. Generation and development of LTC were
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Figure 2.7: Schematic of the formation of Langmuir-type circulations. Used with permission
of [25].

studied using an idealized model of low eddy viscosity, and the effect of viscosity on both
the initial current and LTC was neglected. Three types of currents were considered: a near—
surface jet, a near—surface shear current and an underwater jet. It was demonstrated that
the intensity of LTC can be significant under realistic assumptions regarding the magnitude
of the initial current and amplitude and wavelength of the ambient surface waves. In the
case of the near-surface jet, Basovich [13] predicted the formation of twin counter-rotating
circulations near the surface and symmetric about the jet centerline. The magnitude and
sign of the vortex force depends on the cosine of the angle between the directions of the
current velocity and the propagation of the surface waves Craik and Leibovich [26]. In the
case when the current and ambient wave field propagate in the same direction, the LTC
induce an outboard current at the surface. As expected, in the case when the current and
ambient wave field propagate opposite one another, an inboard current is generated with a
convergence zone along centerline.

2.3 Short Wave Damping by Turbulence

Short wave dampening by turbulence has been studied both experimentally and theoretically
by several authors with a variety of models resulting. A theoretical framework established
by Boyev [16] suggested that surface wave energy is convected downward and dissipated
into the bulk fluid below by vertical velocity fluctuations. Kitaigorodskii and Lumley [76]
and Kitaigorodskii et al. [77] further refined the mathematical description of this process
by deriving a system of equations for the below surface turbulent boundary layer and a
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wave-turbulence interaction term that appears in the turbulent energy equations as

5 () (215)

where u" is the wave velocity and wuj is the vertical velocity fluctuation.

Olmez and Milgram [111] experimentally studied the damping of short periodic waves by
grid generated turbulence in waves generated by an axisymmetric plunging wave maker
considering the arguments of Boyev [16] and Kitaigorodskii and Lumley [76]. In addition to
surface elevation, horizontal velocity fluctuations were measured to establish the turbulence
spectra for various grid oscillation heights and frequencies. Kitaigorodskii and Lumley [76]
outlines that the damping effect of turbulence is due to the vertical velocity fluctuations,
uy. Olmez and Milgram [111] approximate the vertical velocity fluctuations as a function of
the horizontal fluctuations, the integral length scale, and the depth to derive an expression
for the turbulent decay rate, y;, as a function of the horizontal velocity fluctuations, u}, the

integral length scale, L; , and wavelength of the short waves, A

ul

Ve = 0.103——; (2.16)
L} \s
There is significant scatter in the data. Data presented by Skoda [131] is also included in
the data analysis, but only adds to the scatter. The data of Olmez and Milgram [111] shows
a general trend in line with equation 2.16. These findings generally supported the argument
that the dominate mechanism for turbulence induced wave decay is vertical mixing as the
wave amplitude was not observed to be a key contributor.

Milgram [96] conducted an additional experiment using grid generated turbulence with waves
induced by an oscillated vertical wedge. In this experiment, the horizontal and vertical
velocity fluctuations and integral length scales were measured. General trends in the data
are clear, but again significant scatter exists in both the measurements for the velocity
fluctuations and the integral length scales. Applying equation 2.16 to the averaged data
provided good agreement with the measured wave spatial decay rates. Milgram [96] notes
that equation 2.16 is approximate to the extent that “i/LI% is approximate, but the agreement
with the data supports its validity. In addition, the combined damping due to turbulence and
SAS was experimentally tested by Milgram [96]. The increase in damping due to turbulence
was small compared to SAS, but agreed well with measured data, figure 2.8.

Teixeira and Belcher [146] developed a model based on Rapid Distortion Theory where
kinetic energy is transferred from the wave to turbulence by the tilting of vertical vorticity
by Stokes drift. This tilting leads to stretching and the formation of elongated streamwise
vorticies. The tilting of the vertical vorticity also generates a shear stress, which acts as
an energy sink for the wave. A model describing the energy transferred from the wave to
turbulence was established based on an order of magnitude scaling analysis as

I\ 2
Y =a (:—) 0w (2.17)

w
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Figure 2.8: Comparison of wave decay rates due to SAS on seawater with and without
induced turbulence. SAS collected from Hampton, NH. Milgram [96]

where 1 is the velocity fluctuation, ¢, is the phase velocity of the wave, o, is the frequency
of the gravity—capillary wave, and «a is a non-dimensional constant taken as a=0.6 based on a
best fit to the data of Olmez and Milgram [111]. Comparisons are made against the data of
Olmez and Milgram [111] and Skoda [131] where the author claims similar levels of agreement
as the model of Olmez and Milgram [111], equation 2.16. Lower values of (u/c,)” o, show
reasonable correlation with equation 2.17, but higher values are significantly over predicted,
while equation 2.16 maintains correlation throughout the data set. It is interesting to note
that Teixeira and Belcher [146] also shows that the effect on near surface Reynolds stresses
and turbulent length scales due to the vorticity distortion by Stokes drift are similar to
those of Langmuir turbulence. This suggests another potential source for the formation of
Langmuir circulations in addition to the well studied shear-current instability of Craik and
Leibovich [26].

Ermakov et al. [37] performed an additional experiment using a tank on a vibrotable with a
stationary perforated plate to generate both surface waves and turbulence. Unlike previous
experiments, waves generated here were not periodic, but random in nature. The table was
oscillated using a two-frequency operation. Small amplitude, relatively high frequency oscil-
lations generated gravity-capillary waves while larger amplitude, low frequency oscillations
excited turbulence. A correlation was made based on short wave damping due to molecular
viscosity, v = 2vk® + /%22, The damping due to turbulence in the tank was described as

2 a’
p
= 2wpk? Jr,/%5 (2.18)

where the first term describes the damping of waves on the surface and the second term
describes damping by the tank walls. Here k is the wave number of the surface waves, w is
the wave frequency, and a is the width of the tank. The damping coefficient was directly
measured, allowing for the calculation of v from the experimental data, assuming equation
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2.18 to be valid. Comparison of equation 2.18 to the data of course had good agreement as
the values of the eddy viscosity, vr, were calculated from the data. Comparison of equations
2.16 and 2.17 were shown to under predict the data. Of the two models, Equation 2.17
showed better agreement with Ermakov et al. [37].

DTI developed a model on the dissipation rate due to turbulence using similar assumptions
as Ermakov et al. [37] where a direct analogy is made between molecular viscosity and
turbulent viscosity and Kolmogorov’s law is invoked. A formulation similar to equation 2.16
was derived, but with a damping rate constant about 100 times greater. The primary source
for the discrepancy comes from the use of Kolmogorov’s law, which assumes turbulence is
isotropic. Olmez and Milgram [111] found the turbulence to be anisotropic, which is also
supported by Anthony and Willmarth [8] and Walker et al. [156].

In addition to experimental studies, George [46] studied the impact of turbulence in the
wake of a submerged half-sphere using direct numerical simulation (DNS). This study used
a Reynolds number of 1000 as the application of DNS to full scale Reynolds numbers (10?)
is not computationally achievable. Only surface velocity profiles were used from the DNS
experiment, limiting the resolvable scale to 0.25 m. Sub-scale models such as those previously
described were not implemented, limiting the full impact of turbulence on the model. Despite
this assumption, it was found that S-Band radar (3.1 GHz) produced the greatest modulation
to the normalized radar cross section (NRCS) relative to the ambient environment. L-Band
radar (1.2 GHz) demonstrated higher sensitivity to surface currents in line with the radar
look direction and higher frequencies (C & X-Band) demonstrated high sensitivity to current
gradients. It was also found that peak modulation occurred for lower wind speeds O(2m/s)
where the wind was in line with the transverse surface currents.

True et al. [149] evaluated the impact of turbulence on the RCS modulation 1000m behind a
simulated surface combatant using the model of Milgram et al. [100], figure 2.9. This simu-
lation also included the effects of surface currents and wind, but did not include dissipation
due to SAS. It was observed that a distance of 1000m, turbulence is the primary mechanism
for RCS modulation while surface currents added fine structure to the wake.
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Figure 2.9: Simulated RCS in the wake of a surface combatant 1000m downstream with and
without turbulent damping. Used with permission. (True et al. [149])
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Chapter 3

Structure and Persistence of Ship
Wakes and the Role of
Langmuir-Type Circulations

(Work adapted from Somero et al. [135].)

3.1 Introduction

It is well known that some features of ship wakes can be observed well after the passage of the
ship, in some cases tens of kilometers behind the vessel. This chapter addresses a physical
mechanism for the formation and resulting structure of such long—lasting ship wakes, and
describes their qualitative and some quantitative features.

There are several hypotheses considered by different authors regarding the nature of the
surface currents in the region of the persistent wake as discussed in chapter 2. The more
frequently suggested mechanisms for the generation of these surface currents until now have
been: swirl generated by propellers [42]; hull-induced transverse currents; and flow gener-
ated by rising bubbles [36, 115]. However, these mechanisms cannot explain the observed
persistent—wake features. The swirl produced by the propellers decays relatively quickly as
demonstrated in this paper by direct simulations, and thus cannot induce the long—lasting
surface currents that can cause the persistent wake. Also as discussed in chapter 2, mea-
surements of the hull-induced transverse currents have not consistently shown persistent
circulatory motions that would redistribute SAS to the wake edges. Lastly, flows gener-
ated by rising bubbles in the wake of the ship are even less studied, and descriptions of
the mechanism of their generation are more the result of speculation than of experimental
measurement. The magnitude of bubble—induced fluid velocity, in the case of a reasonable
concentration of bubbles, can be expected to be extremely small.

Here, we investigate the impact on the persistent wake by surface currents induced by
Langmuir-type circulations, which were first suggested and described by Basovich [13]. The
work of Basovich [13] was limited to the initial formation of LTC as persistence could not be
well quantified under the assumptions of zero viscosity. In addition, only simple geometric
currents were considered in the previous work. In reality, the structure of the current pro-
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duced by a self-propelled ship is more complex than a simple jet, and the current evolves
and decays due to the presence of the strong ship—generated turbulence. At a minimum,
the ship—induced current consists of a propeller—generated thrust current directed away from
the ship and a drag current with flow in the direction of the ship motion (e.g., [57, 112]).
It is shown in this chapter that, in general, there are four circulations produced due to the
interaction of the complex ship-induced currents with surface waves, as shown in Figure 2.7.
The resulting system of circulations is unlike the case of a pure jet where only two circula-
tions are generated [13]. The velocity of the initial ship—induced current system decreases
with time (and distance from the ship) due to the effect of ship—generated turbulence on the
current. Thus, the development of LTC due to interaction of the current with the ambient
surface waves takes place only for a limited time interval. During the time that the LTC
develops, the turbulence generated by the ship decays and eddy viscosity decreases. There-
fore, LTC can persist for a long time (and distance) after the passage of the ship. All these
features of the persistent wake are analyzed in the present paper. It is demonstrated that
the structure of the persistent ship wake depends not only on the current produced by the
ship, but also on the surface—wave amplitude and direction relative to the course of the ship.
Under some conditions, the persistent wake may not develop at all. In short, the persistent
wake results from the generation of a secondary flow in the form of LTC due to interaction
of a ship—generated thrust— and drag—current system with the ambient surface wave field.

This chapter is structured as follows. This section presents the statement of the problem.
The next section presents the modeling approach and a description of the numerical algo-
rithms employed in the simulations. Then the structure of the ship—generated flow field, or
system of thrust and drag currents, is described for a particular ship configured to model
the naval surface combatant used in the at-sea experimental study of Peltzer [115]. This
ship—generated current system represents the near wake, which is used as the input for CFD
simulations of the development of the wake. Some general features of the current system
are also discussed. Simulations of the wake evolution in the absence of an ambient surface
wave field are described. Then, simulation results, including LTC, for the two general cases
of head and following seas are presented. Existence of the centerline and railroad—track
persistent wakes are explained. The effect of LTC on the redistribution of the SAS film at
the surface is discussed, and a comparison of theoretical results with available experimental
data is provided. Results and further required work are also discussed.

3.2 Model formulation

The formulation of the numerical modeling is based on the goal of simulating wakes that are
generated by ships operating in realistic oceanic conditions. This approach stands in contrast
to much of the previous work, which has focused on simple towed or self-propelled vehicle
geometries at model-scale Reynolds numbers under highly-stratified laboratory conditions
(17, 20, 31, 32, 48, 57]. We employ an extensible computational framework that can include
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initial conditions specified from geometry-resolving simulations or theoretical models; that
can incorporate many types of oceanic forcing; and that is capable of spanning the length
and time scales of interest. While our approach is general, we will limit the discussion to the
models, methods, and parameters used for the simulations presented herein. To begin, we
assume that a ship with length L = O(100) m is traveling with velocity Uy = O(10) m/s in an
Earth-fixed frame of reference and generates a persistent wake with length of £ = O(10) km.
The Cartesian coordinate system z; = (x1,22,x3) = (x,y, 2) is aligned such that x is the
downstream direction, y is the cross—wake direction, and z is the upward direction with
its origin at the ocean surface. For seawater with a kinematic viscosity of v = 107 m?/s,
the corresponding Reynolds and Froude numbers are Re = UpL/v = O(10°) and Fr =

Uo/v/gL = 0(0.3).

3.2.1 Governing equations

The governing equations are described by the conservation of mass and linear momentum for
an unsteady incompressible flow. The model is formulated to include oceanic forcing from
current—wave interaction through the Craik—Leibovich (CL) vortex force, originally derived
based on time averaging the vorticity transport equation [26] and later by applying the
Generalized Lagrangian Mean [7] to the conservation of mass and momentum equations, see
Appendix A. This time averaging is applied assuming that the characteristic time scales are
long relative to the average wave period, but short relative to the time of formation of the
ship induced current. This requirement suggests that application of the CL vortex force is
only appropriate once the axial velocity gradients of the ship induced current have become
small, delaying the time and distance behind the ship for where the influence of the force
can be observed. This requirement also suggests that it would not be appropriate to include
the vortex force in near field simulations of the ship hydrodynamics where the initial wake
field is under formation.

Here we assume that contributions due to Coriolis acceleration and Ekman forcing are small
in comparison to the Craik-Leibovich vortex force. Jones and Paterson [72] demonstrated
that in low wind conditions, Ekman forcing is negligible and in conditions of moderate sea
state, Ekman forcing plays a secondary role to Langmuir-type circulations. Contributions
by Coriolis acceleration are considered small here as the characteristic width of the wake is

O(100m).

While our simulation toolkit accommodates large-eddy simulation, the length and time
scales of interest dictate that unsteady Reynolds averaging be used to model the effects of
turbulence. Decomposing the instantaneous velocity field into moving mean U; and fluc-
tuating w, components, i.e., u; = U; + u}, and taking the time-average gives the following
mathematical model

28



oU;

52 =0, (3.1)
j
ou;  o(UU;) 1 op *U; d Ap st
__ ' i + 2L g5 4 U, (3.2
ot + Ox; po O; 89@’]8% +3 T, ity Po 930 7 €ig Uk (3:2)

where p = p — pogz is the mean piezometric pressure, p is the mean total pressure, g; is the
gravitational vector (which is assumed to be pointing downward in the negative z direction),
v is the kinematic viscosity, d;; is the kronecker delta, wi, = el]ng is the mean fluid vorticity,

€k 1s the permutation tensor for defining the cross—product in tensor notation, and UjSt is
vector of the Stokes—drift velocity generated by ocean waves.

In the context of the unsteady Reynolds-averaged Navier-Stokes (URANS) equations, we are
forced to assume that the resolved unsteadiness in the simulation is sufficiently removed from
the period over which mean variables are averaged. Flows considered here have Reynolds
numbers on the order of 10°, such that there is a considerable variation between viscous scales
and integral scales with a time scale ratio(/2/f,) of O(10%). Characteristic Kolmorgorov length
scales are on the order of 10~°m, while characteristic integral length scales are on the order
of Im. To compute the Reynolds stresses W, we use the standard eddy—viscosity model

—u;u; = 215, — %k:éij, which is a linear closure relating the Reynolds stresses to the mean

. S aU;
rate of strain S;; = % (% + 8—;)
J k2

The last term in equation (3.2) is the Craik-Leibovich vortex force (normalized by water
density) that results from current—wave interaction. It is a function of the Stokes—drift
velocity produced by the surface waves. For the work here, we consider monochromatic
surface waves in deep water. In this case, a magnitude of the Stokes—drift velocity can be

written as
U = (25%)" [ 2 exp (475 53

where ag is the wave amplitude, A is the wave length. The Stokes—drift velocity vector is
horizontal and has only two components: US* = U5 cosf and US* = U%'sin6, where 0 is
the angle between the Stokes—drift velocity and the direction of the ship—produced current
(x axis).

In order to better understand generation of LTC in a ship wake and the results of numerical
simulations presented in this chapter, it is instructional to look at the components of the
vortex force. Here we consider the vortex force for a case of two—dimensional current, which
is a basic case for all further analysis, with velocity U(y, z) in z direction that is a function
of y and z coordinates. For this case components of the vortex force corresponding to the
last term in equation (3.2) are

ou

F, = —pOUySta Fy = poUS'—

8U
oy

8U

F, = poU)' —
P g,

(3.4)
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Horizontal and vertical components of the vortex force, F}, and F, transverse to the current
velocity are responsible for generation of the circulations. The component F, will affect the
velocity of the initial current. The transverse components, Fy, and F, are proportional to
the x component of the Stokes—drift velocity and the gradient of the current velocity in the
direction of that component. The presence of a non—uniform gradient in the initial current,
e.g., from a practical ship wake, produces a non—uniform vortex force field which in turn will
generate the circulations. The value of the angle 6 between the ship trajectory and the wave
direction is of critical importance. Clearly, the magnitude of F,, and F, and corresponding
rate of growth of the LTC will be maximum when the Stokes—drift velocity is parallel or
anti-parallel to the direction of the current; # = 0 or 6 = 180°. In the case of a 180° change
in ship course, the vortex force and resultant circulations will change sign and direction
of rotation, respectively. For waves orthogonal to the ship track (6 = 90°), the transverse
components of the vortex force are zero, and we could therefore expect the current—wave
interaction to vanish. At the same time the F, component of the vortex force disappears for
the cases of § = 0 or # = 180° and its effect on the initial current is negligible. Therefore, in
this study we focus on the two cases of head seas and following seas.

3.2.2 Computational approach

While the governing equations are fully unsteady and three dimensional, simulation over
both multiple hours of time and sufficiently large domains, while resolving centimeter—scale
gradients, is not tractable with current—generation supercomputers. Therefore, we use a
“two—dimensions plus time” (2D+t) approach, where the three-dimensional problem is re-
duced to two spatial dimensions, under the assumptions that the wake is slowly evolving in
the axial direction, and that characteristic scale of the change of wake parameters (such as
velocity and turbulent kinetic energy) in the direction of the wake is much larger than the
characteristic width of the wake. In addition, application of the CL vortex force requires
that the time scale for formation of the current is long compared with the period of the
surface waves. These conditions are satisfied if the ship speed is much larger than both the
axial defect velocity and the transverse velocity perturbations, which is always the case for
a fast-moving ship.

The computational mesh is designed and the boundary conditions are selected to force axial
gradients to zero, and therefore facilitate 2D+t simulations in an otherwise fully—general
CFD solver. This is accomplished by using periodic boundary conditions in the axial x
direction, and constructing a mesh which is only one—cell thick in that direction. Wakes
therefore evolve in both time and in the (y, z) crossplane directions. Assuming that the ship
is traveling at a constant speed Ujy, the x—coordinate location in the evolving wake can be
reconstructed from the simulation time as x = Uyt.

The computational domain is a rectangular parallelepiped, with dimensions, in meters, of
—500 < y < 500 and —500 < z < 0. Mesh resolution is approximately 0.3 m with mesh
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density clustered near the ship and coarsening in the far field, with a total mesh size of
2,200,000 cells. Time-stepping is set to At = 1s and simulations are conducted over a
period of 1hour. The x = 0m position is set as the initial data plane (IDP) and, so as to
not violate the assumptions of the 2D+t approach, is located beyond the rapidly evolving
near wake. In a classical shear—flow, this would be at the point where asymptotic behavior
begins. For practical reasons, we assume this location to be about one—half of a ship length
downstream from the stern.

3.2.3 Numerical scheme

Solution of the governing equations is achieved using the segregated pressure-implicit split—
operator (PISO) algorithm [65]. In this approach, the equations are sequentially solved,
and the nonlinear advection term is linearized with velocity from the previous time step.
In our solver, the order of solution within a time step is as follows: 1) compute density
given the temperature, salinity, and pressure fields from the previous time step; 2) solve the
momentum equations for the velocity field, but with pressure from the previous time step;
3) iteratively solve the pressure—Poisson equation and velocity—field correction to enforce
mass conservation; 4) solve the turbulence-model equations. The process is then repeated
for each time step over the simulation.

The governing partial-differential equations are discretized using a cell-centered finite—
volume method, which makes use of the Gauss—Green theorem which states that the surface
integral of a scalar function is equal to the volume integral of the gradient of the scalar
function. Gradients at the cell faces are computed using weighted interpolation between the
adjacent cell centers.

To limit numerical dissipation, a second—order energy conserving scheme was used for the
divergence operator in the advection term of equation 3.2. Detailed studies were undertaken
to properly select parameters that balance accuracy and stability, and to demonstrate over
long time integration that the prescribed kinetic energy, in the absence of turbulent eddy
viscosity, could be maintained. The scheme blends 2nd-order linear interpolation with a
small amount of upwinding, and additionally applies a filter to eliminate high—frequency
ringing. All viscous Laplacian terms were discretized with a second-order linear scheme.
The time derivatives were discretized with a second—order backward finite difference.

The resultant algebraic system of equations are solved using iterative schemes. The mo-
mentum and scalar—transport equations are solved using a pre—conditioned bi—-conjugate
gradient (PBiCG) scheme, with absolute and relative convergence criterion of 107 and
107°, respectively. This means that the solution residuals must be less than 10~® or be
reduced 5 orders—of-magnitude over the iteration process. The pressure-Poisson equation is
solved with a generalized algebraic multi-grid (GAMG) scheme, with absolute and relative
convergence criterion of 107° and 1073, respectively. For the pressure—velocity coupling in
the PISO algorithm, two iterations are used; and since the mesh is perfectly orthogonal, zero
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non—orthogonal correctors are required.

To support our analysis, data is extracted from the simulations. Locations of data extraction
include one-dimensional lines on the ocean surface in the y—direction at every time step,
where time ¢ can subsequently be converted to z so that (z,y) ocean—surface contour maps
can be created. In addition, the entire (y, z) cross plane is saved at various points in time that
correspond to locations downstream of the ship. To visualize large—scale circulations (LTC),
we present contours of the streamfunction v, which is computed from the z—component of
the vorticity field w, by solving the Poisson equation, V21 = —w,. These contour maps serve
as a good tool for understanding both the genesis and dynamics of LTC and LTC-induced
surface currents, and the structure and longevity of the persistent wake.

3.2.4 Initial and boundary conditions

Initial conditions at t=0s must be specified at the initial data plane (IDP) for all simulation
variables, U, k,e, T, S, and p. The IDP can be prescribed from theory, geometry-resolving
CFD simulations, or even experimental data. For the work here, an empirical-analytical
representation of the wake one-half ship length downstream, Figure 3.1, is established based
on a formulation similar to Miner et al. [102]. This model includes resistance contributions
from the ship’s hull, wave breaking, and rudders; in addition to the thrust current and swirl
from the propellers as detailed in Appendix B.

The axial velocity produced by the ship is presented in Figure 3.1a as a contour plot of its
magnitude on the (y, z) plane. The axial velocity is positive in the direction of the thrust
current, which is opposite to the direction of ship velocity. The strongest current is produced
obviously in the area of the propellers. We call it a thrust current, whereas a negative current
in the direction of the ship velocity we call the drag current since it is created by the drag
of the ship hull. The velocity is normalized by the ship speed Uy. Of course, for all other
factors being equal, the ratio between the velocity magnitudes of thrust and drag currents
depends on the ship speed and, correspondingly, on Froude number. At higher speeds, the
contribution of wave—making resistance increases and the relative contribution of frictional
resistance decreases.

The transverse (rotational) flow produced by the ship propellers is presented in Figure 3.1b
as contour lines of the streamfunction on the same (y, z) plane. The contour map of stream-
function in Figure 3.1b should not be confused with the contour lines of the magnitude
of axial velocity used in the previous Figure 3.1a. The map of the streamfunction shows
the direction of the transverse velocity. Proximity of the streamlines to each other (den-
sity) characterizes the magnitude of the rotational velocity. Knowing that every contour in
Figure 3.1b corresponds to a change in streamfunction of 0.1 m?/s, one can estimate the
velocity. This representation of the transverse flow as streamlines is employed throughout
this chapter to characterize the evolution of circulations in the ship wake in the manner
used by Basovich [13]. Since the propellers in this case are rotating outward, the circulatory
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Figure 3.1: Initial data plane at F'r = 0.35. a) contour map of axial-component of velocity,
where contour spacing is 1%Uy, contour range is -4.95%U, to 5.4%U,, and dashed lines
represent negative contours. b) contour map of streamfunction, where contour (streamline)
spacing is 0.1 m?/s.

motion represented in Figure 3.1b is also outward rotating. The maximum computed value
of transverse velocity of the flow presented in Figure 3.1b is below the surface and has a
value of 0.4 m/s.

To perform 2D+t simulations, periodic boundary conditions are used in the axial z—direction
for all variables. The ocean surface is treated as a slip boundary (zero gradient for all
variables, except for the normal component of velocity which is set to zero) to allow the
formation of transverse surface currents; the bottom is also treated as a slip boundary, but
is set sufficiently below the area of interest so as to not influence mass conservation and
the pressure field; the far—field side boundaries are treated as pressure—outflow boundaries,
but are also set sufficiently wide to prevent internal-gravity wave reflections when running
stratified simulations.
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3.2.5 Fluid properties and flow conditions

The fluid properties are described by the density and the kinematic viscosity. In general, the
density in our solver is computed using the TEOS-10 seawater equation—of-state. To isolate
the effects of the LTC, and since surface ships often operate in the ocean mixed layer, it is
assumed here that the fluid is iso-thermal and iso—haline with 7" = 20 C and S = 35 psu.
Furthermore, to eliminate the generation of weak internal gravity waves we have disabled
the influence of pressure on the equation of state, thus creating an isopycnic fluid with a
density of p = 1025kg/m3. The kinematic viscosity is set to v = 1.0 x 1075 m?/s.

Relative wave—ship heading angles of 0° and 180° are used to simulate head— and following—
seas conditions. Full-scale ship parameters are used with Fr = 0.35, Re = 1.85 x 10, and
a ship speed of Uy = 13m/s. Surface wave parameters are set to realistic ocean conditions
with wave amplitudes of 0 and 0.25m and wavelength of 10m. It should be noted that
Figure 1.3 shows the presence of some long regular surface waves with wavelength on the
order of tens of meters. It is difficult to estimate their amplitude from the image, but it was
reported from the ship that during the experiment the sea surface was dominated by small
wind waves [117]. It is understood therefore that the amplitude of the long waves was on
the order of or smaller than the shorter wind waves. The impact of these longer wind-waves
will be discussed in later chapters.

Simulations are conducted for an IDP that would be generated by a full-scale naval surface
combatant, as described by the David Taylor Model Basin (DTMB) Model 5415. The hull
geometry includes both a sonar dome and transom stern, and propulsion is provided through
twin open—water propellers driven by shafts supported by struts. For the full-scale ship,
the key geometric parameters which serve as inputs to our theoretical model, described
in Appendix A, are as follows; length L = 142m, beam B = 18.9m, draft D = 6.16 m,
displacement V = 8425.4m?, wetted surface area S = 2949.5m?, propeller diameter D, =
5.29m, propeller depth 2z, = 5.11m, propeller horizontal offset y, = 4.2m, rudder depth
z, = 1.76 m, rudder horizontal offset y, = 3.16 m, rudder thickness t, = 0.95m, and rudder
planform area S, = 12.1 m?.

3.3 Simulations of wake features under different sur-
face wave conditions

3.3.1 Wake evolution without ambient surface waves (calm seas)

First, we consider the case of wake evolution without ambient surface waves. This case
is important since it allows us to evaluate the characteristic lifetime of the wake without
interaction of the ship—generated current with the surface waves, and later compare it to the
persistent wake caused by such interaction.
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The evolution of the IDP (Figure 3.1) is shown in Figure 3.2 through snapshots of the
velocity component along the z—axis at four downstream distances (100m, 450m, 850m, and
1250m). The four snapshots illustrate the evolution of the axial current: the two separate
thrust currents produced by the propellers (shown in Figure 3.2a) merge relatively soon into
one larger jet, in agreement with Hyman [63]. By a distance of 850m behind the ship, the
drag current has the appearance of two smaller jet—like currents above and on each side
of the thrust current (Figure 3.2c), but with axial velocity in the opposite direction. An
awareness and the characterization of the axial flow component is crucial to understanding
the generation of LTC, which result from the interaction of this axial flow with the surface
wave field, as described later. The evolution of the transverse current and related streamlines
is not shown for the case without ambient surface waves, since the diverging circulatory
motions shown in Figure 3.1b simply decay as the distance behind the ship increases.

In the present study of the persistent wake, we are primarily interested in the character of
the near—surface currents, because they are responsible for the redistribution of SAS films
at the surface [116, 145]. Figure 3.3a shows the distribution of the axial component and
3.3b shows the transverse component of the surface velocity as a function of the transverse
y—coordinate at three distances (1250m, 3500m, and 7000m) behind the ship. Figure 3.4
shows the distribution of the transverse velocity of the surface current on the (z,y) plane in
the frame of reference related to the ship, in which the flow is stationary.

As can be seen from Figure 3.3a, the axial surface velocity at each of the three distances
behind the ship has regions with positive or negative values, which correspond to the thrust
or drag currents, respectively. The transverse flow, which is shown in Figure 3.3b, has a
divergence zone in the middle of the wake (centerline), since the velocity is directed away from
the centerline and the two weak convergence zones at the edges. We call these convergence
zones weak because the velocity on one side of such a zone is zero. The flow shown in Figure
3.3b will redistribute SAS away from the centerline toward the edges. Both the axial and
transverse components of the velocity decrease with distance behind the ship. The transverse
component of the surface velocity decays faster than does the axial. Figure 3.4 illustrates
that the transverse velocity practically disappears at a distance on the order of 5000m behind
the ship, which is about 35 ship lengths.

3.3.2 Wake evolution in presence of ambient surface waves

Two effects generated by the ship, near—surface turbulence and surface flow, are mainly
responsible for the ocean—surface manifestations of the ship wake. They each affect the
short surface waves that define SAR and optical images of the surface. Turbulence increases
dissipation of the short waves directly. Surface currents change the intensity of the short
surface waves by changing their propagation velocity and by changing SAS concentration
at the surface, which in turn affect short—wave dissipation. The relative contributions of
these two mechanisms that alter the short surface waves are further discussed in chapter
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Figure 3.2: Contours of axial velocity at (a) z = 100m, (b) x = 450m, (c) = 850 m, and
(d) = 1250m at Fr = 0.35, without ambient surface waves. Contour spacing = 0.02m/s.
Dashed lines are negative contours.

36



15 — 2 ‘

— x=1250m — x=1250m ( )

(a) - - x=3500m 15 ||~ - x=3500m b 1
—-=-X=7000m —-=-x=7000m

U (cm/s)
V (cm/s)

20 30 40 50

50 -40 -30 -20 -10 0 10 20 30 40 50 50 -40 -30 -20 -10 0 10
Y (m) Y (m)
Figure 3.3: Evolution of surface currents at F'r = 0.35, without ambient surface waves. a)

axial-component of velocity; b) transverse-component of velocity.

10

Converging

Y (m)

Diverging
Zone

—-50-

-10 2000 4000 6000 8000 10000
X (m)

Figure 3.4: Contour map of transverse—component of velocity on ocean surface at F'r = 0.35
without ambient surface waves. Contours = +/- 0.05, 0.15, 0.5, 1.5, 3.5, 5 cm/s. Dashed

lines are negative contours.
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5. Still, some qualitative conclusions about such contributions can be made here. The
direct kinematic effect of the surface currents on the short surface waves can be significant
in the near— and far-wake regions, where the ship—induced surface current is still relatively
strong. If the effect of the surface currents is dominant, the change in the short surface—wave
field is asymmetric: the change is more pronounced on one side of the wake [42]. For the
weak currents found in the persistent wake, redistribution of SAS at the surface may be
more important than the change of kinematics of the surface waves, especially if the initial
concentration of SAS is significant. This redistribution is mainly caused by the transverse
component of the surface current when the SAS films are collected in convergence zones.
When the effect of the SAS films is dominant, then the change in the amplitude of the short
waves is expected to be symmetric, as observed in figures 1.3 and 1.4.

The genesis of the persistent wake and its structure are described in the next sections. The
ship—induced persistent wake develops in the presence of ambient surface waves that interact
with the ship—generated current described above. This interaction can produce large—scale
LTC that exist for an extended time and, correspondingly, a long distance behind the ship.
The vorticity in LTC and the structure of the persistent wake depend on the relative direction
between the surface waves and the ship course [13]. Therefore, we consider two cases: first,
the ship is headed into the seas, that is the ship travels in a direction generally opposite to
the direction of propagation of the surface waves (head seas) and, second, the ship’s course
is in the same general direction as the direction of the surface waves (following seas). In
the head seas case, the angle between the ship’s velocity vector and the wave vector of the
surface waves is greater than 90 degrees, while for the following seas case this angle is less
than 90 degrees. When this angle is close to 90 degrees, the vortex force imposed on the
initial ship-generated current is close to zero. Thus, for the 90 degree case, the LTC are not
generated and there is no persistent wake. First the case of head seas is considered, since in
this case, the transition from far wake to persistent wake is easier to observe.

3.3.3 Wake evolution for ship in head seas

In this section we consider simulations of the persistent wake for the case of head seas. The
amplitude and wavelength of the surface waves have been selected based on the wind speed
and fetch described in the paper on full-scale at—sea experiments by Milgram et al. [97].
For simplicity, we consider a sinusoidal wave with amplitude of 0.25 m and wavelength of
10m. It should be noted that an exact characterization of the surface wave spectrum is not
crucial to the success of simulations. It is important that the vortex force is present and
the direction of propagation of surface waves relative to the ship course, which defines the
structure of the persistent wake, is known.

First, the distribution of the vortex force and its change with the distance behind the ship are
considered. Figures 3.5 and 3.6 show the evolution of horizontal and vertical components of
the vortex force in head seas. The contour lines are used to describe distribution of the vortex
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Figure 3.5: Contour maps of the horizontal component of vortex force F), at (a) x = 450m,
(b) x = 850m, and (c¢) z = 1250m in head seas at Fr = 0.35. Surface waves with A = 10m
and as = 0.25m. Contour spacing = 0.001 N/kg. Peak Vortex Force at x=450m is 0.0094
N/kg. Dashed lines are negative contours.
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40



0.014

Horizontal

————— Vertical
00121 ertical | |

o

o o
S o
53 2

Peak Vortex Force
o
o
o
()

0.004 -

0.002 [-

~~~~~~~~ e

o ‘ ‘ - i
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
X (m)

Figure 3.7: Decrease of maximum (peak) values of the components of vortex force (N/kg)
in head seas as a function of distance behind the ship at Fr = 0.35. Surface waves with
A= 10m and a, = 0.25m.

force components which are shown for three different distances behind the ship. At relatively
small distance (Fig.7 a) the structure of the horizontal component of the vortex force is
complex with several regions where the force changes sign. This structure reflects complexity
of the initial current which is in turn influenced by the ship geometry. As the structure
of the ship induced drag current bifurcates, the distribution of the horizontal component
of the vortex force simplifies into four symmetric regions with alternating directions and
increasing distance between them. The vertical component of the vortex force maintains a
primarily negative direction as the vertical velocity gradient is negative nearest the surface.
Distribution of the vertical component of the vortex force changes in a similar manner to the
horizontal component, but decays faster than the horizontal component. As the ship induced
current evolves (see Figure 3.2) the horizontal velocity gradient near the surface becomes
greater than the vertical gradient, leading to a stronger and more persistent horizontal
component of the vortex force than vertical (see Figure 3.7). The slight shift observed in the
peak vertical vortex force around x=500m is due to the peak vortex force moving from just
outboard to centerline as the wake evolves.

The horizontal component of the vortex force creates converging and diverging flows along
the surface with spacing between them on the order of tens of meters. Converging flows form
downwelling regions and diverging flows form upwelling regions due to continuity, which lead
to the formation of large scale LTC. These circulations, once formed, can persist for tens of
kilometers, as the ship induced turbulence decays as shown in Figure 3.8. Maximum TKE
is observed to have reduced by an order of magnitude around the distance of 3000 m.

The development of the transverse flow in the ship wake for the case of head seas is shown
in Figure 3.9 for three different distances behind the ship. These distances are chosen purely
for illustration purposes and are within the range of values that are shown in Figure 3.3.
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Figure 3.8: Decay of the maximum (peak) value of the turbulent kinetic energy as a function
at Fr=0.35. Values are non-dimensionalized by the maximum initial value of the TKE
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The structure of the current is very different from the case with no surface waves. The initial
distribution of the transverse velocity immediately behind the ship is the same as shown in
Figure 3.1: two circulatory flows created by the ship propellers rotating outward. These
flows caused by propellers are still observed in Figure 3.9 several hundred meters behind
the ship (with their intensity reduced). Simultaneously, four new LTC develop as a result
of the vortex forcing as is seen in Figure 3.9a. As the distance behind the ship increases,
the circulatory motions caused by the propellers dissipate (see Figure 3.9b). Finally they
disappear completely by 3500 m (Figure 3.9¢) and only four circulations exist in the area far
behind the ship creating the persistent wake. Note, that the complex structure of the flow
in the center of Figure 3.9a and Figure 3.9b is a result of superposition of flow caused by
propellers and the inner set of developing LTC. The developed structure of the LTC in the
persistent wake for the head seas case, as presented in Figure 3.9¢c, is as follows: the inner
circulations are inward rotating, relative to the surface centerline, while outer circulations
are outward rotating.

The persistence of LTC can be demonstrated by tracking the peak transverse velocity in
head seas and calm seas cases. The peak transverse velocity (v/v? + w?) is tangential to
the rotational streamlines generated by the propeller or LTC. Figure 3.10 shows that both
cases are dominated by propeller swirl in the near/far field (x <1000m), but that LTC are
several orders of magnitude stronger in the persistent wake. In the near field, the propeller
swirl decays proportional to 7% while the two propeller wakes are distinct, Figure 3.2a.
Sirviente and Patel [130] suggest the swirl in an axisymmetric momentumless wake decays
as 2796 for cases with weak swirl and 7% for cases with strong swirl. The swirling jets
here are not in an axisymmetric momentumless wake, but this condition is considered more
appropriate for comparison in the near field than a pure swirling jet. Once the two propeller
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Figure 3.9: Contour maps of streamfunction at (a) x = 1250m, (b) x = 1650m, and (c)
r = 3500m in head seas at Fr = 0.35. Surface waves with A = 10m and a, = 0.25m.
Contour spacing = 0.005m?/s. Dashed lines are negative contours. (1) designates twin
propeller swirl, which is non-traceable at 3500m. All other circulations are Langmuir-type
circulations.
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Figure 3.10: Decay of the peak transverse velocity in calm, head, and following seas at
Fr=0.35. Surface waves with A = 10m and a, = 0.25m.

jets have merged (x~1000m) and the drag current has bifurcated, the transverse velocity
decays proportional to 72 for the case of calm seas. This condition is more appropriate for
comparison to a pure swirling jet and shows good agreement with the studies of Shiri et al.
[129] and Ewing [38] based on conservation of angular momentum and equilibrium similarity.

In the head seas case, a complex interaction between the decaying propeller swirl and growing
LTC occurs between x=1000m and 2000m. Around x=1000m, the propeller swirl has decayed
below the peak transverse velocity of the outer circulations in Figure 3.9a. As the inner
circulations continue to grow, the outer circulations decay, until the inner circulations have
a greater peak transverse velocity around x=2300m. The inner circulations decay into the
persistent wake with the peak transverse velocity proportional to z7%%. Here, we define
the beginning of the persistent wake as the point where the peak LTC induced transverse
velocity is an order of magnitude greater than the peak propeller induced transverse velocity.
In head seas, this is occurs around x=6000m.

Figure 3.11 presents the evolution of axial and transverse components of the surface velocity
in head seas as a function of the transverse coordinate y. Plots are presented in Figure
3.11 for the same three distances behind the ship as shown in Figure 3.3. Evolution of
axial velocity for the case of head seas shown in Figure 3.11a is similar to the behavior
observed in the case without surface waves, as depicted in Figure 3.3. Several kilometers
behind the ship only a small residual of the axial velocity remains. However, the evolution
of the transverse velocity in the presence of ambient surface waves is totally different than
in the absence of a surface wave field. Its structure reflects the four LTC developed due
to interaction of the axial current with surface waves. The magnitude of the LTC-related
transverse surface current grows during the initial stage of LTC development and then stays
relatively unchanged (Figure 3.11b). The magnitude of the flow caused by the pair of inner
LTC changes very little as the distance increases from 3500 m to 7000 m. The magnitude
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Figure 3.11: Evolution of surface currents in head seas at F'r = 0.35. Surface waves with

A =10m and a, = 0.25m. a) axial velocity b) transverse velocity.

of the transverse flow related to the outer pair of LTC does decrease slowly as the width
of these circulations increases. The LTC persist long (O(10km)) after the circulatory flows
caused by the propellers disappear, as seen in the distribution of transverse surface velocity
on the (z,y) plane in Figure 3.12. The role of ambient surface waves and generation of
LTC in forming the persistent wake is especially noticeable when Figure 3.12 is compared to
Figure 3.4, which corresponds to the calm—seas case. The persistence of the LTC generated
transverse velocity is due in part to the vortex force continuing to reinforce the LTC while
the axial current exists and is in part due to the reduced level of turbulence in the region
of the persistent wake. Before the LTC develop, the transverse component of the surface
flow is dominated by propeller—generated circulatory flows that, for this ship, rotate outward
(Figure 3.4). The transition from the region of dominance of propeller-induced flow to the
region of the persistent wake is reflected in Figure 3.12 by the centerline saddle—point region
observed about 1000 m behind the ship.

For the head seas case, LTC that form the persistent wake produce a strong convergence
zone along the center of the wake due to inward-rotating inner circulations. Also, there
are two divergence zones produced between the inner— and outer-rotating circulations. Ad-
ditionally, there are two so—called weak convergence zones at the outer edges of the wake,
which are produced by the two outer, outward-rotating circulations. While the transverse
surface velocity induced by the LTC is relatively low and cannot strongly affect the short
surface waves directly, the existence of persistent regions of convergence and divergence can
cause significant redistribution of the SAS films, which in turn will modify the short surface
waves. In the case of head seas, the convergence zone near the centerline will create a region
of high SAS concentration, which will reduce the amplitude of the short surface waves and,
correspondingly, produce a dark centerline wake in SAR imagery. In addition, SAS concen-
tration will also occur along the outer weak convergence zones, but the strength of these
outer convergence zones is clearly weaker than the centerline convergence zone. Depending
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Figure 3.12: Contour map of transverse-component of velocity on ocean surface, in head
seas at F'r = 0.35. Surface waves with A = 10m and as = 0.25m. Contours = +/- 0.05,
0.15, 0.5, 1.5, 3.5, 5 cm/s. Dashed lines are negative contours.

on the strength of the outer LTC, these outer convergence zones can form an additional set
of streaks in SAR imagery.

3.3.4 Wake evolution for ship in following seas

In comparison to the case of head seas, the horizontal component of the vortex force in
following seas reverses sign, Figure 3.13, but shows a similar magnitude and shape with four
regions with alternating sign. These regions gradually spread, but at a slower rate than
in the case of head seas. The outermost regions act inwards towards the centerline, thus
reducing the rate of spreading in comparison to the case of head seas where the current is
pushed further outboard by the outboard—acting forces. The vortex force in following seas
also dissipates sooner than in head seas, Figure 3.14. The slight discontinuity in the peak
vortex force again appears as the peak force transitions from outboard to inboard as seen
through comparision of figures 3.13a and 3.13b.

The development of the transverse flow in the persistent wake for the case of following seas
is shown in Figure 3.15 for the same distances behind the ship as presented in Figure 3.9 for
the case of head seas. Parameters of the ambient surface waves are taken to be the same as
in the previous case: sinusoidal wave with amplitude of 0.25 m and wavelength of 10 m. Here
the development of four LTC with structure similar to the case of head seas can be observed,
but with an important difference: the directions of the circulations are the opposite to the
direction of the circulations in the head seas case. Specifically, the pair of inner circulations
rotate outward and outer pair rotate inward. Since the initial fluid motions induced by
the two propellers are outward rotating, they quickly merge with the inner LTC, unlike the
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Figure 3.13: Contour maps of the horizontal component of the vortex force F, at (a) x =
450m, (b) z = 850m, and (c¢) x = 1250m in following seas at Fr = 0.35. Surface waves with
A = 10m and as = 0.25m. Contour spacing = 0.001 N/kg. Peak vortex force at x=450m is
0.0049 N/kg. Dashed lines are negative contours.
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Figure 3.14: Decay of the peak horizontal component of vortex force (N/kg) in head and
following seas at Fr=0.35. Surface waves with A\ = 10m and as = 0.25m.
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propeller—induced motions in the head seas case.

The inner LTC in following seas grow faster in magnitude and size than in head seas. The in-
ner LTC generate greater transverse velocities than the decaying propeller swirl by x=500m.
Despite the lower magnitude vortex forces, the case of following seas generates greater trans-
verse velocities than the head seas case for the range of study, Figure 3.10, due to these
larger inner circulations. The LTC continue to grow in strength for several hundred meters
beyond where they surpass the propeller swirl, before asymptotically approaching an equal
decay rate to the head seas case with the transverse velocity in the persistent wake again
proportional to z7%4. In following seas, the persistent wake is observed to begin around
x=b000m, 1000m sooner than the head seas case.

The surface velocities in the ship wake in following seas are presented in Figure 3.16. Figure
3.16a shows the evolution of the axial velocity, which is fairly similar to its behavior in
the previous cases of calm seas (Figure 3.3a) and head seas (Figure 3.11a). The presence
of the upwelling zone along the centerline is observed to increase the persistence of the
surface centerline axial velocity while the outboard surface drag current is suppressed by
the downwelling zones. These differences in the near—surface axial velocity contribute to the
stronger inner LTC and weaker outer LTC observed in Figure 3.15, compared to the case
of head seas (Figure 3.9). In following seas, the transverse velocity at the surface (Figure
3.16b) has a direction opposite to the direction of the velocity in the head seas case (Figure
3.11b). The LTC extend well beyond the far wake as shown in Figure 3.17, which presents
the distribution of the transverse surface velocity on the (z,y) plane. Because of the change
in the sign of the circulations, LTC in the persistent wake for the case of following seas
create a divergence zone along the centerline of the wake, two strong convergence zones on
each side of the centerline and two weak divergence zones at the outer edges of the wake.
The distribution of the SAS films due to these LTC will be different from the case of head
seas. The two strong convergence zones offset from the centerline will create bands with
high SAS concentration and, correspondingly, dark streaks in the SAR images, producing a
railroad—track wake.

3.3.5 Effect of propeller rotation direction and propeller count

From the previous discussion, it is obvious that the exact configuration of the ship and
the propellers are not the main factors in the formation of the persistent wake. Peltzer
[115] reported similarity in wake evolution between a twin—propeller destroyer and a single—
propeller frigate. Thus, the effects of propeller—rotation direction and a change in the number
of propellers were considered. The simulations show that the structure of the persistent
wake generated by same ship model (twin propellers) does not appreciably change when the
direction of propeller rotation is changed.

To examine the effect of the propeller configuration on the structure of the persistent wake,
the IDP of the present model was changed from a twin—propeller configuration to a single—
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Figure 3.15: Contour maps of streamfunction at (a) z = 1250m, (b) = 1650 m, and (c)
x = 3500 m, in following seas at F'r = 0.35. Surface waves with A = 10m and as = 0.25m.
Contour spacing = 0.005m?/s. Propeller swirl and inner LTC are reinforcing in following
seas.
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Figure 3.17: Contour map of transverse-component of velocity on ocean surface, in following
seas at F'r = 0.35. Surface waves with A = 10m and ay = 0.25m. Contours = +/- 0.05,

0.15, 0.5, 1.5, 3.5, 5 cm/s. Dashed lines are negative contours.
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Figure 3.18: Contour map of the transverse-component of velocity on ocean surface, in head
seas at F'r = 0.35 with a single propeller. Surface waves with A = 10m and a, = 0.25m.
Contours = +/- 0.05, 0.15, 0.5, 1.5, 3.5, 5 cm/s. Dashed lines are negative contours.

propeller configuration, and simulations were run for the head seas condition. The single
propeller was sized to have an equal loading to the previously modeled twin propeller con-
figuration.

The contours of the transverse component of surface velocity for the single propeller on the
(z,y) plane is shown in Figure 3.18. This distribution is different from the two-propeller
configuration shown in Figure 3.12 as the centerline convergence zone is initially offset due
to the circulatory flow produced by the single propeller. However, as the distance behind
the ship increases and initial propeller—induced circulatory flow decays, the developing LTC
start to define the structure of the persistent wake and the distributions of transverse surface
velocity in figures 3.18 and 3.12 (single versus twin propellers, both head seas) become
similar, but with reduced symmetry in the single—propeller case. This result is to be expected
as the LTC are driven by the axial velocity profile, which behaves as a single jet in the twin
propeller configuration, once the two thrust currents merge (Figure 3.2).

3.4 Comparison with experimental data

The experimental data that contains detailed measurements of parameters of persistent
wakes is very limited. For example, as was mentioned previously, Ermakov et al. [36] detected
the presence of circulations by registering transverse velocities on the order of centimeters per
second far behind a passing ship. However, the salient parameters of the axial current and
of surface waves were not reported. There are many papers that provide SAR images of ship
wakes (see, for example, [88, 106, 133, 147]), but often sea conditions and ship parameters at
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the time the images were obtained are not well documented, making it difficult to compare
these experimental results with the present theory.

The best documented series of full-scale experiments, to which we have access, was conducted
during the 1989 Office of Naval Research Field Experiment [115] as discussed in chapter 2.
During these experiments, in situ measurements of the ocean surface tension were collected
to coincide with the collection of airborne SAR imagery of the ocean surface. The wind and
surface wave conditions were also recorded.

Most of the experimental data collected for the US Navy destroyer was obtained in conditions
of following seas. In situ measurements of surface tension across the ship wake were taken
from a small boat that crossed the wake. Several bands with a high concentration of SAS
films were registered. Not all bands registered with the in situ measurements can be clearly
identified, since not each of them can be seen in the accompanying SAR imagery (see Figure
1.4). Nevertheless, the in situ measurements do confirm that the SAS concentration is low
along the centerline of the wake and that there are two bands, one on each side of the wake
centerline, where SAS concentration is high. These two bands correlate with the position
of the two dark streaks that are seen in Figure 1.4. The length of the wake in the image
is about 7km. Based on the description of Figure 1.4 by Milgram et al. [97], the distance
between the dark streaks (railroad tracks) in the image is roughly estimated to be about
70m. The formation of such a railroad—track wake for the case of following seas has been
described in this chapter. The transverse surface current generated in the simulation of the
case of following seas (Figure 3.17) shows the distance between converging zones is about
50 m. This value is in reasonably good agreement with the estimate obtained from the SAR
image. The difference can be caused by many factors such as an imperfect model of initial
current at the IDP, uncertainty in the ambient surface-wave parameters, or the potential
effect of ocean stratification on the development of LTC and other factors.

It also should be noted that the railroad—track structure of the persistent wake in the SAR
image begins only beyond the distance of about 3 km behind the ship. At shorter distances,
the wake appears as a centerline wake. Such behavior is observed in the region of the far
wake, where the ship—generated perturbations are still relatively strong and the turbulence
has a more significant damping effect than does the SAS film on the amplitude of the short
surface waves. Once the turbulence decays, then the LTC—induced structure of the wake
becomes more apparent.

Although the following seas case was the focus of the systematic study of the ONR set of
experiments, a SAR image of the wake of the same US Navy destroyer in head seas was also
obtained. That image is presented in Figure 1.3. Only a centerline wake is seen in the SAR
image, which is in agreement with the predictions for the case of head seas made in this
chapter. The dark centerline streak is the manifestation of a strong convergence zone, which
is produced by the LTC at the center of the wake (see figure 3.12). Notice that initially the
centerline wake is wide, which is caused by the presence of turbulence in the far wake region
behind the ship. As the far wake transforms into a persistent wake, which is defined by the
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evolving LTC, the centerline streak narrows.

3.5 Conclusions

An extended region of a surface ship wake far behind the ship, where original perturbations
produced by the motion of the hull and propellers have decayed significantly, has been iden-
tified and characterized. The existence and configuration of this wake segment, which we
refer to as the persistent wake, is as much the result of ocean dynamics as of ship configu-
ration and operating parameters. The persistent wake arises as a result of the interaction
between ship-induced currents and an energetic surface—wave field, which produces large—
scale, nearly—inviscid secondary circulatory flows orthogonal to the direction of the ship
drag and thrust currents. The interaction with the surface—wave field induces a so—called
vortex force [26] on ship—generated non—uniform currents, which then generates the circu-
lations. These circulations, first described by Basovich [13], are similar in character to the
well-known Langmuir circulations [81]; therefore, we identify them as Langmuir-type circu-
lations (LTC). Unlike naturally-generated Langmuir circulations, which arise as a result of
an instability in the wind—driven surface currents, LTC are formed around a ship—induced
non—uniform current system comprised of thrust currents (direction opposite to the ship mo-
tion) and drag currents (direction same as the ship motion). The structure and magnitude
of the resultant LTC depend on the magnitude and relative direction of the ship—induced
currents and the ambient surface—wave field. The description of the ship—induced currents
follow the computational approach to establish an initial data plane (IDP) introduced by
Miner et al. [102].

Numerical simulations reveal several important features of the development of a persistent
wake. First, when LTC are considered as the primary mechanism, the persistent wake does
not develop in the absence of a surface—wave field or if the direction of the ship—induced cur-
rents and the propagation direction of the surface—wave field are nearly orthogonal. Second,
the effects of the interaction of the ship currents and surface—wave field are not immediately
apparent, since it takes time for LTC to develop. Third, the structure of LTC and, corre-
spondingly, of the persistent wake is different for the case with head seas (ship heads into the
waves) than for the case with following seas (ship travels with the waves). This difference
occurs because the sign of the vortex force depends on the direction of the surface waves
relative to the direction of the ship—induced currents. For the particular model of the ship
studied in the present chapter, the development of the large—diameter circulations can take
minutes to form, and the magnitude of the transverse (cross-track) surface flows induced by
the LTC are on the order of centimeters per second. At five to eight kilometers downstream
of the IDP, the cross—track extent of the system of circulations can be three to four times
the width of the beam of the ship. The resulting system of circulations can exist for tens of
kilometers behind the ship, which is consistent with their large size and the relatively low
eddy viscosity of the background fluid.

53



Previous experiments [36, 115] confirm that the appearance of the persistent wake is defined
in remote SAR and optical imagery by the change in spectral density of the short surface
waves, which is a result of the redistribution of SAS films by the LTC-induced surface flow
in the wake. In the case of head seas, the LTC—induced flow at the surface creates a strong
convergence zone at the center of the wake. The concentration of SAS films in this region is
increased, thereby forming a centerline wake and producing a dark streak in SAR imagery.
In the case of following seas, the LTC—induced flow at the surface creates two convergence
zones on each side of the centerline, several tens of meters apart. Due to an increase in the
concentration of the SAS film at these zones, dark streaks are produced in the SAR images,
which appear as so—called railroad—track ship wakes. These simulation results are in good
agreement with the experiment—based observations presented by Peltzer [115].

There are some other possible LTC related effects of potential importance for understanding
the physics of the wake. For example, developing LTC can strongly affect the lifetime
of bubble clouds created by the ship propellers, since LTC can create converging zones
(downwelling) or diverging zones (upwelling) at the centerline of the wake for head and
following seas, respectively. The lifetime of the bubble clouds depends on the time for the
bubbles to rise to the surface. LTC-generated flow will inhibit the upward motion of the
bubble in head seas and contribute to this motion in following seas. Thus, the lifetime of
the bubble clouds can be expected to be noticeably shorter in the case of following seas, for
ship configurations similar to the one studied here.

The present chapter is the first step in the study of the role of LTC in the physics of ship
wakes. A comprehensive model of SAS film—induced effects is required. It should include
the mechanisms of film redistribution by surface flows and turbulence, film degradation
and diffusion, the effect of scavenging of SAS on film concentration, as well as the effects
of bubbles and other contaminants on these processes. Present models of the persistent
wake can be measurably improved by better describing the effects of SAS films and near—
surface turbulence on the spectrum of short surface waves, which are responsible for the
manifestation of ship—-induced anomalies in sea—surface imagery. Several of these topics are
the focus of the following chapters.
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Chapter 4

Effect of Ship—Induced
Langmuir—Type Circulations on

Distribution of Surface—Active
Substances and Damping of Short
Wind Waves

(Work adapted from Somero et al. [136].)

4.1 Introduction

In the previous chapter a mechanism for the generation of large scale circulations in the wake
of a surface ship was discussed. It was shown that these circulations, referred to as Langmuir-
type circulations (LTC), induced significant transverse currents in the wake of the ship that
could persist for tens of kilometers. In the persistent wake the ship—produced currents and
turbulence have decayed significantly, while the surface currents produced by LTC, which
are on the order of O(1 c¢cm/s), decrease more slowly. These LTC-induced currents can
sufficiently change the concentration of surface active substances (SAS) due to the presence
of strong convergence and divergence zones. The change in the local SAS concentration in
turn affects the damping factor of short surface waves as energy is dissipated by increased
viscous damping in the interface boundary layer in regions of increased SAS concentration
[5, 96]. Therefore, the main focus of this chapter is to describe the redistribution of the SAS
by LTC—induced surface currents in the region of the persistent ship wake and to compute
the corresponding SAS—induced damping effect on the short surface waves, A ~ 0.01-0.2m.
Analysis of the change in the short surface-wave spectra will then be discussed in the next
chapter.

This chapter is organized as follows. First, a model, employed to simulate the dynamics of
the SAS films in the ship wake, is described. This model includes advection of the films by
the surface currents and diffusion of SAS. Next, the distribution of the wind—wave damping
factor, due to the presence of SAS films in the region of the persistent wake, is computed.
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In this section, two different models developed independently by different research groups
[29, 100] are compared and found to be in good agreement. Therefore, we can select one
of the models [100] for implementation and have higher confidence in its accuracy. Finally,
the results of our investigation into the redistribution of the SAS and its effect on the
wind-wave damping factor (for a specific frequency) are presented and discussed in the
context of available experimental data. It should be noted that local SAS composition and
concentration vary by geographic region and season, but the results presented here provide
a framework for analysis assuming the local conditions are known.

4.2 Mathematical Model

4.2.1 Redistribution of Surface—Active Substances

The redistribution of SAS on the ocean surface is modeled as a passive scalar subject to a
scalar transport equation,

ar  9(UT) 9 <Dar

E—F 8xj B @l’j al'j

> = Source — Sink (4.1)

where I is the concentration of SAS at the surface, U; is a vector of the mean surface current,
and D is a diffusion coefficient. Several authors [24, 29] have modeled the redistribution of
SAS by the surface flow using this equation. In most of the previous studies the effect of
diffusion of SAS was neglected. It is justified, for example, in the case of the surface current
produced by internal waves [29], in which the characteristic time of velocity change is much
smaller than characteristic time of diffusion of SAS. In the case considered in this chapter,
the presence of strong stationary convergence zones requires taking diffusion into account
in order to limit the increase of concentration of SAS in such zones. The diffusion of SAS
at the surface is caused by several phenomena: molecular diffusion, turbulent diffusion, and
diffusion related to the presence of the surface waves due to fluctuations of the wave-induced
Stokes drift velocity [58]. There is significant uncertainty in the value of the SAS diffusion
coefficient, thus in the model we use the turbulent diffusion as the strongest factor of diffusion
of SAS and assume that coefficient of diffusion is the same as eddy viscosity.

For generality, equation 4.1 includes a term on the right-hand side that describes a source
and a sink of the SAS concentration at the surface. The sink can occur due to natural
degradation of the SAS and desorption from the surface to the bulk fluid. The source of
SAS at the surface can be related to scavenging of the SAS from the water column due to
the effect of the LTC and to the SAS transport by rising bubbles [132, 138]. In the current
analysis, adsorption from, and desorption to, the bulk fluid are both neglected. Inclusion
of these effects are the focus of future efforts, but it is shown here that the current model
provides reasonable correlation with experimental results. In the absence of the source and
sink terms, equation 4.1 describes conservation of the concentration of SAS at the surface.
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4.2.2 Damping of Short Wind Waves

The impact of SAS redistribution on short—wave attenuation can be evaluated with a model
based on the wave action balance equation [55, 62], which can be written as

N N i ON

b+t U)o~ kg o = (5 =) N - ol (1.2
where N is the spectral density of wave action, k; denotes a wave vector of wind waves ,
Cyi is the wind-wave group velocity, and U; is the velocity of the surface currents. The
right—hand side follows the formulation of Hughes [62] where 8 is the wind—wave growth
rate, v accounts for the damping of the waves due to surface films and turbulence, and « is a
phenomenological coefficient to account for the nonlinear effects that limit the wave growth.
The influence of LTC on the wave action balance appears primarily through the induced
surface currents and damping of short wind waves by SAS films.

Wave damping due to SAS films is included through the damping factor v,, which is part
of the overall damping factor v. We adopt the damping-factor model presented in Milgram
et al. [100], which follows the formulation developed by Cini et al. [23] and Alpers and
Hithnerfuss [5]. The expression for 75 can be written as

X+ XY —2X?
. = 4vk? 4.3
A S ) (4.3)
where,
Ek?
X = R (44)
and
B Fk (4 5)
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Here, F is the film elasticity (in Pascals), p is the density of seawater, v is the kinematic
viscosity of seawater, and f is the wave frequency calculated based on the wave number k
as,

1 T
= — k+ —k3 4.6
f=g5-4/9 +p , (4.6)

where ¢ is the gravitational acceleration and 7 is the surface tension given as 7 = 7, — II.
The surface tension of clean water is assumed to be constant 7, = 72mN/m [118], and the
film pressure II as a function of SAS concentration I' is described by a 6th—order polynomial
fit [98]
IT = 8.8539
— 15.8969(In(A) — 5) — 8.221(In(A) — 5)?
+1.8225(In(A) — 5)® 4 40.3451(In(A)

-5 —5)
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Figure 4.1: Film pressure II dependence on SAS concentration ratio I'/T'y based on data of
[118]. The Data-Fit curve is a 6th order polynomial fit to the values of Jan 26, Jan 29a,
and Jan 29b.

where A is the film area described here by

A=A, <F£0> | (4.8)

and Ag is the unperturbed film area and (I'/T)) is the concentration of SAS relative to the
unperturbed concentration. The film elasticity is related to the film pressure by the following
expression [118]

26.311

E= . 4.
II+24 (4.9)

It should be noted that the polynomial fit of equation 4.7 is based on a single set of data
taken with a minimum measured film pressure of 1 mN/m. However, ambient film samples
were collected at sea over a range of days for laboratory testing, and curves relating the
film pressure to the film area were established for each day when samples were taken [118].
General agreement between the curves was found, but with significant variability in the initial
film areas. Normalizing the data by the initial film areas provides an improved comparison
between the data sets as shown in Figure 4.1. Here, each curve is normalized to an initial
film pressure of 1 mN/m at a concentration ratio of 1. Film samples of Jan 26, Jan 29a, and
Jan 29b show good agreement with each other, while film sample data from Jan 28 shows
lower film pressure when compared to the other three curves, especially for concentration
ratios greater than 1.4. Furthermore, it is noted that the coefficients in equation 4.7 were
computed by Milgram et al. [100] using the outlier data from Jan 28.

Given the observed variability in film pressure vs. concentration, it was decided to study
the effect of the film—sample data on the damping factor. Figure 4.2 shows two curves.
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Figure 4.2: Relative damping factor (7:/44?) dependence on SAS concentration I'/T'y, which
is described by equation 4.3. Curve 1 is computed using II with coefficients based on Peltzer
et al. [118] data from Jan 28, i.e., equation 12. Curve 2 is computed using I with coefficients
based on averaged data from Jan 26, Jan 29a, and Jan 29b.

"Curve 1”7 is plotted by directly using equation 4.7, which was fit by Milgram et al. [100]
to the Jan 28 data. ”"Curve 2”7, on the other hand, is least—squares fit to the other three
datasets. In general, the curves show a fast increase in the damping factor over concentration
ratios between 1-1.5, with relatively constant values at greater concentration ratios. Since
the film pressure curves of Figure 4.1 have good agreement through a concentration ratio
up to approximately 1.4, the deviation in film pressure for greater concentration ratios is
shown to not significantly impact the damping factor as it is relatively insensitive to the
concentration ratio for values greater than 1.5. This allows the use of either curve for the
purpose of estimating the relative damping factor. In this study, we will continue with the
curve of Milgram et al. [100] as it corresponds to the day on which the SAR imagery, which
we will compare with, was taken.

Alternative models for estimating the damping factor have been suggested by other authors.
A comparison of the models of Milgram et al. [100] and of Da Silva et al. [29] for two initial
film pressures (IT, = 0.5 and 1.0mN/m) at a wave number of k£ = 125m™! is presented in
Figure 4.3. The level of agreement between the models at the initial film pressure of 1 mN/m
is remarkable, considering they were developed independently using film data from different
sources. Extrapolation of expression 4.7 below the minimum measured value of 1 mN/m is
not suggested due to the nature of the 6th—order polynomial. Considering the agreement
between the two models at 1 mN/m, description of the case of initial film pressure 0.5 mN/m
was conducted following the method of Milgram et al. [100], while using data for the initial
film area based on the curve presented in Da Silva et al. [29]. The level of agreement noted
above does not hold across all wave numbers of the surface waves with increased discrepancy
at lower wave numbers, but does provide a level of confidence in the model for the wave
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Figure 4.3: Comparison of relative damping factor (7s/a#2) from [100] and [29] for wave
number k& = 125m~! and initial film pressures of 0.5mN/m and 1.0 mN/m.

numbers studied here.

Both models show a fast increase in the damping factor when relative SAS concentration
changes between 1 and 1.5. The model employed in Da Silva et al. [29] predicts a slightly
higher peak damping factor with a small drop following, compared to the model used in
Milgram et al. [100], which uses a smooth curve that peaks and then gradually declines. The
relative insensitivity to SAS concentration above these initial peaks is noteworthy and is
reflected at both values of initial film pressure. Decreasing the initial film pressure shifts the
curve to the right, requiring greater concentration levels to achieve the same level of damping.
Increasing the initial film pressure above 1.0mN/m, however, is shown by Da Silva et al.
[29] to have less of an impact on the damping factor.

4.3 Computational Model

The computational model is based upon the assumption of one-way coupling between the
hydrodynamics and the SAS redistribution. This enables a two—step process that is schemat-
ically shown in Figure 4.4: 1) solve for the hydrodynamics over large time and space using
a 2D+t approach; and 2) solve for the SAS redistribution on the ocean surface using a
transient 2D simulation of SAS concentration.

For step 1, the 2D+t approach results in surface currents that are steady in the ship—fixed
frame of reference. For step 2, the simulation is transient, albeit with a frozen velocity field
and steady boundary conditions. While there may be certain aspects of the time evolution
of SAS redistribution and concentration that are important, we focus on the data after
sufficient time has elapsed such that a stationary concentration field has been achieved.
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Figure 4.4: Computational domains for 2D (y,z) plus time hydrodynamics and 2D (x,y) SAS
redistribution

4.3.1 Domains and Meshing

As shown in Figure 4.4, there are two computational domains, and therefore two meshes to
construct. For the hydrodynamics, the computational mesh is identical to that described in
chapter 3. For the SAS redistribution, a 2D domain is created on the ocean surface [(x,y)
plane at z = 0] with dimensions that are inherited from the hydrodynamics simulation,
although this is not explicitly required. Therefore, the size of the 2D domain in meters is
0 <2z < 20,000 and —1000 < y < 1000. The mesh uses 2000 equally spaced cells in each
direction, for a total cell count of 4 million cells with mesh resolution of Az = 10m and
Ay = 1m in the axial and transverse directions, respectively.

4.3.2 Numerical methods

The numerical methods implemented for SAS redistribution are similar to those used for the
2d+t hydrodynamic simulations discussed in chapter 3. Solution of the linear advection—
diffusion equation, given by equation 4.1, is achieved using a straight forward implicit time—
marching scheme. Since both the surface currents from the hydrodynamics simulation and
boundary conditions are steady, the time-marching algorithm is used as an iteration loop to
a steady concentration field. As would be expected, treatment of the diffusion coefficient D
in equation 4.1 has a large influence on the speed at which this convergence takes place. As
previously mentioned, we assume that D = v + v, where v; is the turbulent eddy viscosity.

The governing partial-differential equation is discretized using a cell-centered finite—volume
method. Gradients at the cell faces are computed using weighted interpolation between
the adjacent cell centers. To limit numerical dissipation, a second—-order energy—conserving
scheme was used for the divergence operator in the advection term of equation 4.1. The
Laplacian term was discretized with a second—order linear scheme. The equation is solved
using a pre—conditioned bi—conjugate gradient (PBiCG) scheme, with absolute and relative
convergence criterion of 1078 and 1075, respectively.
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4.3.3 Initial and boundary conditions

For the SAS redistribution, the velocity field is directly mapped from the hydrodynamics sim-
ulations using bi-linear interpolation, and the initial conditions are prescribed such that the
relative concentration I'/Ty = 1. The boundary conditions for this transient 2D simulation
include a steady inlet boundary with I'/Ty = 1, i.e., the ship is sailing into a continuous field
of constant SAS concentration, far—field boundaries with dI'/0y = 0, and an exit boundary
with 0I'/0x = 0.

Damping of the short wind waves is calculated using a wave number of k = 125m~!, which
corresponds to a wave length of A = 0.05m.

4.4 Results

In this section, we present simulation results for the redistribution of the SAS due to the
surface currents presented in chapter 3, and its impact on the wind—wave damping factor.

4.4.1 Redistribution of Surface—Active Substances

The redistribution of SAS on the ocean surface due to surface currents in calm seas is shown
in Figure 4.5 (top). The propeller—induced surface currents clear the local SAS away from
the centerline and form two weak convergence zones to either side of the centerline. Note
that the color—map scale of concentrations for the case of calm seas is reduced relative to
other cases to allow some structure to be observed. If visualized on the same scale, the
redistribution would be hard to see. As already discussed, the surface currents generated
due to the propellers alone do not persist in the same manner as those generated by LTC.
The case of calm seas does not extend beyond the far wake, and therefore significantly limits
the downstream distance for which SAS is redistributed compared to the head and following
seas cases.

The redistribution of SAS on the ocean surface in the condition of head seas is shown in
Figure 4.5 (middle). In the far wake, the effects of the outboard rotating propellers, along
with the outboard rotating drag—current induced LTC, redistribute SAS to the edges of the
wake. As the effects of propellers dissipate and LTC develop, LTC—induced surface currents,
Figure 3.12(middle), redistribute SAS into streaks along the convergence zones and remove
SAS from the diverging zones. The case of head seas has a strong LTC—induced centerline
converging zone and two weaker outboard converging zones in the persistent wake. The
SAS concentration in the centerline convergence zone is observed to increase with increasing
distance behind the ship for the range of study. This effect is caused by the decrease in
turbulent diffusion of SAS with distance behind the ship, while LTC related surface current
decreases slower. It was shown in chapter 3 that the maximum value of transverse velocity
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Figure 4.5: Relative SAS distribution ('/ry) in calm seas (top), head seas (middle) and
following seas (bottom).
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produced by LTC in the region of the persistent wake decays as =%, It was found that for
the case studied here it decreases by an order of magnitude over a distance of about 10 km,
while the turbulent kinetic energy in the ship wake decreases by an order of magnitude over
about 3km. It should be noted also that while the turbulence generated by a ship decays
with the distance behind the ship there is always some level of turbulence in the upper layer
and, correspondingly, of turbulent diffusion due to the presence of the surface waves. Thus,
the concentration of SAS in the streaks caused by LTC will eventually start to decrease as
LTC decay.

The redistribution of SAS in the case of following seas is shown in Figure 4.5 (bottom). In
the near field, the outboard rotating propellers again redistribute SAS away from centerline,
but the width is somewhat reduced by the now inboard rotating drag-current induced by
the LTC. It is important to note that this predicted initial width is only due to the effects of
surface currents and neglects the breaking bow and stern waves, which can cause significant
redistribution in the far wake. As LTC develop, the twin converging zones compact SAS
into symmetric streaks with widths on the order of 90 m at distances 20 km downstream.

4.4.2 Impact of SAS Redistribution on Wind—Wave Damping Fac-
tor

Prediction of the relative damping factor using the SAS concentrations of Figure 4.5, is
shown in Figure 4.6. The damping factor is shown relative to pure viscous damping (4vk?),
for a wave number of 125m ™! and with an initial film pressure of IIy = 1.0 mN/m. It should
be noted that the wave numbers dampened by SAS are much higher than those that generate
the Stokes drift velocity. Dampening of these short wind waves do not impact the formation
or persistence of LTC.

The case of operating in calm seas predicts the formation of two weak damping bands offset
from centerline [Figure 4.6 (top)] in line with the weak convergence zones of Figure 4.5 (top).
An area of reduced damping relative to ambient level is also predicted along the centerline
diverging zone. This condition is expected to form two weak dark streaks along with a
brighter streak down centerline in SAR imagery due to the damping of the short wind waves.
It is important to note that damping of the short waves is only considered by redistribution
of SAS films due to surface currents. SAS films can be significantly redistributed in the near
wake by breaking bow and stern waves. In the case of calm seas and extremely light wind,
the disturbance of the SAS film by the ship can persist for a long time, even in the absence
of LTC.

The structure of the damping factor in the wake of a ship operating in a sea state is highly
dependent on the location of converging/diverging surface currents. The convergence zones
in the case of head seas form three distinct streaks with strong relative damping, Figure 4.6
(middle). The edge streaks form the edges of the wake on the order of 100m width, while
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Figure 4.6: Relative damping factor (7s/4#?) in calm seas (top), head seas (middle), and
following seas (bottom) for IIy = 1.0 mN /m.
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the strong centerline streak spans on the order of the ship beam. These regions of high
wave damping would appear as dark streaks on SAR images. The diverging zones exhibit
reduced damping relative to the ambient level, which would appear as bright streaks on
SAR images between the dark streaks. The appearance of the edge bands in SAR imagery
though is highly sensitive to the initial film pressure. The relative concentration in the
bands is around 1.3, which is in the range of the steep change in damping with changing film
concentration, Figure 4.3. Lower values of initial film pressure reduce the damping factor in
the outer bands while the centerline streak remains strong, Figure 4.7. The reduced initial
film pressure also reduces the difference in concentration between the diverging zones and
the background, which would reduce the relative brightness of the diverging zones in SAR
imagery. The appearance of the side bands in SAR imagery is also highly dependent on
the strength of the LTC. When the ship travels at some angle to the propagation direction
of the surface waves, the magnitude of the vortex force would be reduced relative to direct
head seas, generating weaker LTC, and in turn reduced SAS concentrations. The reduced
SAS concentration in the outer bands could fall below the required level of concentration to
generate significant damping. The centerline streak would persist because it is supported by
two converging surface currents, which would generate a single streak on SAR imagery.

Predictions of the relative wave damping in following seas, Figure 4.6 (bottom), show strong
damping in the twin converging zones forming the dark railroad track seen in SAR imagery.
The centerline diverging zone again shows reduced damping relative to ambient, which would
appear as a bright streak on SAR imagery. The regions of high damping can persist for tens
of kilometers as even increased SAS concentrations on the order of 1.5 are shown to generate
significant damping, Figure 4.3. The railroad track wake is less sensitive to initial film
pressure than the outer bands in head seas. SAS concentrations in the twin converging
zones are greater than 2.0, limiting its sensitivity to the initial pressure. The railroad—track
wake is also less sensitive to the relative ship heading than the outer bands in head seas
as they are supported by twin converging circulations in a similar manner as the centerline
streak in head seas.

4.5 Comparison with Experimental Data

Comparisons here are again made to the 1989 ONR Field Experiment [118]. During these
experiments, data was taken on the variation in surface tension behind the USS Chandler,
a US Navy destroyer. This variation in surface tension was converted to film pressure in
order to estimate change of the SAS concentration. The peak film pressure based on the
data was 12mN/m, which corresponds to a SAS concentration ratio on the order of 2.1.
Unfortunately, the actual peak film pressure could not be determined, since the full range of
surface tension measuring oils was not functional during the experiment. Laboratory testing
of water samples established film pressures of 21 mN/m, corresponding to a concentration
ratio on the order of 3.4. Both the available in—situ data and the laboratory test results
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compare well with the SAS concentrations, in both head and following seas conditions,
obtained in our simulations.

Comparison of structure of the damping factor of short surface waves obtained here is also
in good agreement with the SAR image (Figure 1.3) presented in Milgram et al. [98] cor-
responding to the experimental run for the head seas case. Only one centerline streak (no
side streaks) is observed in this case, which may result from lower initial SAS film pressure
as well as lower, than predicted, magnitude of the LTC in the experiment. It should be
noted that the persistent wake in the SAR image does not form into the more concentrated
centerline streak for several kilometers behind the ship. In the far wake, where initial ship—
induced perturbations still exist, the short waves are attenuated primarily due to effect of
the turbulence. Therefore, the observed wake is initially wider in the far—wake region and
then transforms into a narrower persistent wake.

Figure 1.4 shows the same ship operating in following seas, generating a railroad-track per-
sistent wake, which is again in agreement with the predictions made here. Milgram et al.
[98] reports that the two smaller vessels that are seen in Figure 1.4 are 0.75km apart with
a total wake length of 7km. These scales allow the width between the railroad tracks to be
estimated on the order of 70 m. Simulations shown here predict a width of 50 m at a distance
of 7km, which is in relatively good agreement with the SAR image of Milgram et al. [98],
considering the uncertainty in the parameters of the ship—produced current model and in
the record of the ambient conditions during the experiment. As in the head seas case, the
surface wave dampening in the far-wake region is believed to be dominated by the effect of
the turbulence. Therefore, the persistent railroad track wake in the SAR image in Figure
1.4 is formed at a distance that is on the order of 3-4 km behind the ship.
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4.6 Conclusions

The damping of short wind waves due to redistribution of surface-active substances by LTC
has been presented as a mechanism of the persistent ship wake observed in remote sensing
imagery. These LTC, which are generated by the interaction of ship—induced currents with
an ambient wave field, generate surface currents that form converging and diverging zones
on the ocean surface. It is within these converging zones that SAS are concentrated and
dampen the short wind waves, appearing as dark streaks on SAR imagery. The diverging
zones are shown to form areas of reduced damping, which can appear as bright streaks on
SAR imagery.

A model relating the concentration of SAS to the short wave damping factor as presented by
Milgram et al. [100] has been implemented and compared to the method of Da Silva et al.
[29]. Remarkable agreement between the two models was observed for the wave number
of a study with an initial film pressure of 1.0 mN/m, providing confidence in the reliability
of the model. Both models show a sharp rise in the dampening factor for relative SAS
concentrations between 1 and 1.5, with relatively steady values of the damping factor for
higher concentrations. Both models also show a dependence of the damping factor on the
initial ambient film pressure, which shifts the sharp rise of the corresponding curve towards
lower concentrations with higher initial film pressures.

Using the model of Milgram et al. [100], a ship operating in head seas has been shown to
form a persistent centerline streak in agreement with SAR imagery presented in Milgram
et al. [98]. Two weaker outboard convergence zones are also predicted in the head seas case,
but their appearance in SAR imagery is highly dependent on the strength of LTC as well as
the initial ambient film pressure.

Using the same model, a ship operating in following seas has been shown to form a persistent
railroad—track wake, also in agreement with the SAR image presented in Milgram et al. [98].
The railroad—-track wake is also shown to be less sensitive to initial film pressure than the
outer bands in head seas.

The simulations presented in this chapter have focused on the damping of short surface
waves by SAS films redistributed by ship—generated surface current. The effect of SAS on
the short waves is dominant in the region of the persistent ship wake where the surface
current is mainly LTC-induced. As was noted in the far-wake region, where initial ship—
induced perturbations are still pronounced, the damping of short waves is believed to be
primarily caused by turbulence, and the direct effect of the initial current on propagation of
the surface waves is also important. Thus, in order to correctly describe the change in the
spectral density of the short surface waves everywhere in the wake, all these factors need to
be taken into account and the wave action balance model, equation 2.2, has to be solved.
These factors will addressed in the following chapter.
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Chapter 5

Relative Importance of Turbulence,
Surface-Active Substances,and
Surface Currents on Roughness

Modification of Short Surface Waves
in Ship Wakes

(Work adapted from Somero and Paterson [134].)

5.1 Introduction

In the preceding chapters, three distinct regions of ship wakes have been identified: near
wake, far wake, and persistent wake. The near wake is defined as the region immediately
behind the ship where the wake is dominated by ship induced perturbations from the hull,
propellers, and appendages. Within the far wake, these perturbations evolve and decay. The
persistent wake is then the region beyond where the initial ship induced perturbations have
disappeared. In situ measurements, [98], have found that the edges of the far and persistent
wake are defined by the compacting of surface active substances (SAS) into streaks which
dampen the surface roughness. The persistence of the streaks are due to surface currents
transverse to the direction of travel that compact the SAS, thus increasing SAS concentration
and its impact on short-wave damping.

It was demonstrated in chapter 3 that persistent surface currents are generated by Langmuir-
type circulations (LTC) when the ship is operating in an ambient wave field. These circula-
tions have been demonstrated to redistribute SAS sufficiently to dampen short wind waves
and to form wake structure that compared well with SAR imagery. Comparison to experi-
mental data of Milgram et al. [98] and Peltzer et al. [118], however showed the width of the
wake to be under predicted. Due to their size, LTC persist for long distances and as the
circulations are induced by the vortex force, the direction of rotation is dependent on the
angle between the relative ship heading and the wave vector. This causes the surface currents
in the persistent wake, and in turn the redistribution of SAS, to be different depending on
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if the ship is operating in head or following seas. Ships operating in head seas were shown
to have three streaks in the persistent wake, one strong centerline streak and two weaker
edge streaks, while those operating in following seas would have only two edge streaks. The
initial film pressure of the ambient SAS field was also shown to impact the persistent wake,
especially in head-sea conditions. Lower ambient film pressure requires greater levels of
compacting to achieve equal dampening factors. The appearance of the weaker edge streaks
in head-sea conditions were shown to be subject to the strength of the LTC and the ambient
film pressure.

An additional source of surface currents transverse to the direction of motion was presented
by Walker et al. [156] as discussed in chapter 2. It was shown that the presence of the
free surface would dampen the vertical velocity fluctuations and redistribute its energy to
the lateral fluctuations. Transverse surface currents then would be induced by gradients

in the vertical and lateral Reynolds stresses as a function of <W — W), where w’ and v/

are the vertical and transverse velocity fluctuations. As this effect is limited to a thin near
surface layer and is dependent on the ship-induced turbulence, its persistence had yet to be
quantified, but is addressed here.

In the near and far wake, where ship-induced turbulence still exists, it was hypothesized
that turbulence dampens small wind waves through the wake center, giving the appearance
of a single wide streak. As the ship-induced turbulence decays, the wide centerline wake
transitions into the SAS streak dominated persistent wake. In addition to turbulence, ship-
induced surface currents in the near and far wake directly impact the amplitude of short
surface waves. Surface currents that travel opposite the short wind waves increase their
amplitude and in turn increase their backscatter.

Several authors [93, 100, 126, 149] have formulated models to solve the wave-action balance in
the wake of surface ships, but none previously have considered the combined effects of LTC,
near-surface Reynolds-stress anisotropy, turbulence, and surface currents that are addressed
here. The focus of this chapter is to demonstrate that the structure of the wake is not
only due to a single phenomena, but is a function of several effects, each having regions of
dominance that change based on ship and environmental conditions. As the near wake is
primarily ship dependent, we focus on the far and persistent wakes on phenomena that are
universal to wakes across ship types: turbulence, SAS, and surface currents.

This chapter is organized as follows. First a brief description of the model used to predict the
hydrodynamic processes in the wake is provided with focus on a range of turbulence models
that have been investigated for their ability to predict the formation of surface currents due
to near surface Reynolds-stress anisotropy. Next, the model used for redistributing ambient
SAS is briefly discussed. Third, a description of the wave-action balance equation is provided
along with discussions on the formulations used to account for damping due to SAS and
turbulence. Next, results are presented for the turbulence models’ predictions of turbulent
round jets near a free surface at several laboratory scales. The chosen redistribution model is
then used to provide comparison between LTC and near-surface turbulence induced surface
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currents. Results of the relative spectral density are presented over a range of ship heading
and wave conditions with discussion on the relative importance and range of dominance of
each feature discussed.

5.2 Mathematical Model

5.2.1 Hydrodynamics

The governing equations for the hydrodynamic wake are described by the conservation of
mass and linear momentum for an unsteady incompressible flow, equations 3.1 and 3.2

v _

or; (3.1)
J
ou; o) 109p  PU D Ap .
T il + =L g6 + U wr. (32
ot * Oz, po 0T; Vﬁxjaxj T axj“zug + 0 90i; + €ijk U5 Wi (3.2)

In this chapter, to compute the Reynolds stresses, u;u’;, we explore a range of models for
their ability to predict both the subsurface and surface flow field. The base model, used in
chapters 3 and 4, is the standard eddy—viscosity model —u;u; = 215 — %kéij, which is a

ou; | 9U;
8acj a.’ltl :

linear closure relating the Reynolds stresses to the mean rate of strain S;; = % (

The eddy viscosity 1, is computed from a standard k& — & model.

Walker [154] presented a model based on the standard k- model to account for the anisotropy
induced by the free surface. The standard k-¢ model results in essentially isotropic turbulence
as 149;; tends to be small in comparison to k. To account for the redistribution of energy
from the vertical stresses to the horizontal, Walker [154] implements a form of the wall
reflection term, @}, from Daly and Harlow [30] and Shir [128] given as:

g

where

Cl,
1) = = 52

l; = k32 /e, and 7 is the local free surface elevation. The value of the coefficient C was not
provided, but through extensive experimentation, C' = 0.04 has been adopted here. This
wall-reflection term yields a series of energy redistribution expressions in the thin near-surface
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layer for the 'corrected” Reynolds stresses,

_ o,
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The terms identified similar to w2, are the terms from the standard k- model. As the
free surface is approached, the vertical stress components approach zero and the horizontal

normal stresses each increase by w'?y./2. A source term, —%Au;uz, is then added to
J
equation 3.2 to account for the redistributed Reynolds stresses, where Auju; = wju} = —
!,/
Witlyy, e

Launder [84] specifies a wall reflection term using a more generic wall distance modification

of

- (22 -

X,

where x,, is the distance to the surface and a is traditionally taken as 1 such as in the case of
Walker [154]. Naot and Rodi [108] found improved agreement in cases of channel flow using
a non-linear wall reflection term with a = 2 as this caused the wall echo effect to decrease
more rapidly with distance from the wall. In order to investigate this effect, models similar
to Walker [154] were used with a=2 and 3. Again the value of the coefficient C in equation
5.2 was explored and values of 0.07 and 0.08 were selected for a=2 and a=3 respectively.

These Reynolds-stress redistribution models equally distribute the energy from the verti-
cal normal stress to the horizontal normal stresses. Experimental data of Walker et al.
[156] showed that roughly two-thirds of the energy in the vertical velocity w-fluctuations is
distributed to the u-fluctuations, with one-third distributed to the v-fluctuations. An addi-
tional set of models are therefore explored where equation 5.3 is modified to more accurately
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redistribute the energy from the vertical Reynolds stress as

_ _ 2w2),
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5.2.2 Redistribution of Surface—Active Substances

The redistribution of SAS on the ocean surface is modeled as a passive scalar, as detailed in
chapter 4, with a transport equation of

e 9WUL) 0 (,or
dt 836]- 8xj (9.1'3‘

where I' is the concentration of SAS at the surface, U; is a vector of the mean surface
current, and D is a diffusion coefficient. While in a real ocean environment SAS would also
be diffused by wave action, the diffusion coefficient is modeled purely based on the effective
eddy viscosity (D = 14+ v). In addition, a real ocean environment would involve sources and
sinks of SAS on the surface due to adsorption from rising bubbles and desorption back into
the bulk fluid. Both of these effects are neglected but are currently under research. Despite
these approximations, chapter 4 presented reasonable correlation with experimental results.

) = Source + Sink (4.1)

5.2.3 Wave Action Balance

The relative impact of SAS redistribution, turbulence, and surface currents on short—wave
attenuation can be evaluated with a model based on the wave action balance equation [55, 62],
which can be written as

ON ON _, 0U,ON

+ (Cyi + Uy) oz, laxj o, (B—~)N —aN (2.2)

ot
where N is the spectral density of wave action, k; denotes a wave vector of wind waves,
Cy; is the wind-wave group velocity, and U; is the velocity of the surface currents. The
right-hand side follows the formulation of Hughes [62] where 8 is the wind—wave growth
rate, v accounts for the damping of the waves due to surface films and turbulence, and « is a
phenomenological coefficient to account for the nonlinear effects that limit the wave growth
such as wave breaking.

The wind wave growth rate is modeled according to Plant [120] as

3 = 0.04w (%)2 (5.6)
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where u, is the friction velocity and c is the phase velocity, ¢ = «/k. The friction velocity is
given as u, = 0.03Unq-

The wave-damping term, -, is modeled as the sum of damping due to SAS films and turbu-
lence as

Y="7s + V- (57)

Milgram [96] found that the small-wave decay rate due to the presence of both SAS and
turbulence was equal to the sum of the decay rates of SAS and turbulence alone, at least
for turbulence levels that could be generated in the laboratory. The damping effect of SAS
is caused by increased viscous damping in the interface boundary layer [5]. This effect
occurs over a very thin layer at the surface (O(1mm)) that exists within the viscous sublayer
of the free-surface boundary layer. The damping effect of turbulence is due to downward
convection of wave kinetic energy, which acts over a region that is significantly greater
(O(50mm)) than the influence depth of SAS. As the wave-damping effect of SAS is limited
to the viscous sublayer, it is relatively unaffected by turbulence, allowing for the use of
wave-decay superposition.

Damping due to surface films using the method of Milgram et al. [100] is described in detail
in chapter 4. A slight modification has been made here as the method of Milgram et al.
[100] approaches zero for low concentration conditions, which would signify damping lower
than the clean water condition. The method of Da Silva et al. [29] approaches 1 as the
concentration ratio falls below 1. Based on this observation, equation 4.3 is modified here as

(5.8)

—2xX t2x2 &

X + XY —2X?
%:41/152( + 1)

This equation is equivalent to the form of Da Silva et al. [29] and that given by equation
2.10. The film elasticity is related to the film pressure by

dIl dIl
E:_%ﬁ:_ﬂ%@ﬁ' (5.9)

In chapter 4 the film elasticy, was modeled using a simplified relationship provided by [118§]
based on samples taken from a range of sources from Barger and Klusty [11] as

26.311
E= . 5.10
IT+2.4 ( )

In chapter 4 comparison to the method of Da Silva et al. [29] was presented for a wavenum-
ber of 125, between S and C-Band, for SAS concentrations 0.85-3. Comparison across the
wavenumber spectrum is shown in Figure 5.1. Damping relative to pure viscous damp-
ing is shown on the left. Higher wavenumbers show higher levels of damping for low SAS
concentrations, but peak relatively quickly. X-Band in particular shows a significant rise
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Figure 5.1: Relative damping ratios using film property data from Milgram (solid) and Da
Silva (dashed). Left - Damping relative to clean water damping. Right - Damping relative
to ambient (T/r, = 1).

in damping levels at low concentrations, but peaks and levels off for concentration ratios
greater than 2. This produces significantly higher levels of ambient damping where I'/r, = 1
than the lower wave numbers. Comparison against the level of damping outside the wake
is shown on the right of Figure 5.1. X-Band shows small relative damping compared to the
lower wavenumbers due to its significantly higher level of ambient damping. While C-Band
shows the highest levels of absolute damping, S-Band produces the highest levels of damp-
ing relative to ambient for all concentration values above 1.5. S-Band also shows increasing
damping up to concentration values of 4.5, while C-Band plateaus beyond concentrations
of 1.5. L-Band shows increasing damping levels for the full range of concentration levels
studied, but is significantly lower than both S and C-Band.

It should be noted though that the elasticity properties of ambient SAS can vary significantly.
Elasticity properties taken during the ONR Field Experiment ([115]) varied from day to day
with minimum film pressures occurring at film areas ranging from 220cm? to 400cm? over
a three day span. Mass and Milgram [94] collected water samples for testing from four
locations: Cohasset, MA, Woods Hole, MA ,San Diego, CA, and Hampton Harbor, NH.
Variations in the film pressure-elasticity relationship were found across the samples. With
the elasticity of each sample known, the agreement between measured wave damping and
theory was quite good for all samples.

Chapter 4 found concentration ratios in the wake edge bands between 2.5-3.5 for ships
operating in direct head/following seas. In these ranges, the variation between SAS data
sets is smaller than for lower concentration values, suggesting that the edge bands would
be less sensitive to the local SAS properties over the range of study. Here, equation 5.10 is
primarily used along with SAS data from [100], but comparison is made to the properties
from Da Silva et al. [29].
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Milgram et al. [100] modeled the damping of short wind waves by turbulence based on the
experimental results of Olmez and Milgram [111] and Milgram [96] as

u K2/3
Y = 0.061LT (5.11)

1
where K is the wavenumber, v is the root mean square velocity of one of the horizontal
components of turbulence, and L; is the integral length scale. Assuming w’ to be zero at
the surface and v’ and v’ to be of similar magnitude, this model can be transformed into one
appropriate for use with a k-¢ turbulence model as

K2€ 1/3
=0.06 | — 5.12
=000 () (5.12)

True et al. [149] calculated a theoretical coefficient of 0.137 based on the mixing rate and
a mean value of the vertical velocity fluctuations over the mixing scale length, which is
remarkably close to the value used here of 0.134 when C), = 0.09.

5.3 Computational Model

The first set of computational models used in this analysis are of a near-surface turbulent jet.
This analysis models the experiments of Walker et al. [156] in order to compare the ability
of modified k-¢ models to simulate the formation of surface currents due to anisotropy of the
Reynolds stresses.

The computational models for the ship wake and SAS redistribution are described in chapters
3 and 4. Finally, as the surface currents, SAS field, and rate of turbulence dissipation are
steady from the perspective of the ship, a steady-state solution for the spectral density N is
obtained.

5.3.1 Domains and Meshing

The domain for the near-surface jet simulations were set to match the experimental setup of
Walker et al. [156]. Two domains were used to model the low and moderate Reynolds number
cases each with Froude number = 1. The low Reynolds number case (Re = 1.27 x 10*) had
domain limits of 0 < x < 3m, —0.75 < y < 0.75m, and —1.2 < z < Om. Due to the low
Froude number, Walker et al. [156] noted that the surface was mostly undisturbed, enabling
it to be approximated as a flat boundary. Walker [154] and Miner et al. [101] also treated the
surface as a fixed flat boundary. The mesh is constructed of 14 million hexahedron cells with
201 in the x-direction, 351 in the y-direction, and 200 in the z direction, Figure 5.2. Cells
in the y-z plane are clustered near the jet centerline and the surface. The jet diameter was
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Figure 5.2: Near surface jet simulation mesh.

0.0254 m with the centerline positioned 0.051 m below the surface. The moderate Reynolds
number case (Re = 1.02 x 10°) had domain limits of 0 < x < 12.24m, —3.35 < y < 3.35m,
and —3.1 < z < Om. Identical mesh clustering and cell count were used as the low Reynolds
number case. The jet diameter was 0.1 m with the centerline positioned 0.2 m below the free
surface.

The domain and mesh for the 2d-+t hydrodynamic simulations are detailed in chapter 3.
For the SAS redistribution, a 2D domain is created on the ocean surface [(z,y) plane at
z = 0] with dimensions that are inherited from the hydrodynamics simulation. In these
simulations, the wake a full 1 hour late is evaluated. Therefore, the size of the 2D domain in
meters is 0 < x < 46,000 and —1000 < y < 1000. The mesh uses 4600 equally spaced cells
in the axial direction and 2000 equally spaced cells in the transverse direction, for a total
cell count of 9.2 million cells with mesh resolution of Az = 10m and Ay = 1 m in the axial
and transverse directions, respectively.

The spectral density of wave action is solved on a 4D grid of the ocean surface: 2 dimensions
in space (x,y), wave number (K), and wave angle (¢). The limits of the domain are 0 < x <
20.000m, —150 < y < 150m, 0 < ¢ < 27, and 0.6 < K < 280. The spacial domain uses
constant spacing of 20 m in the x direction and 0.5 m in the y direction. The wave angle uses
12 equally spaced points and the wave number uses 24 points distributed on a logarithmic
scale due to the range being across several order of magnitude.

5.3.2 Numerical methods

The numerical methods for the ship-wake hydrodynamics that solve equations 3.1-3.2 and
SAS redistribution that solves equation 4.1 are described in chapters 3 and 4. The near-
surface jet simulations also solve equations 3.1-3.2, but exclude the effects of gravity and the
vortex force. In order to ensure the performance of the turbulence models would translate to
the ship-wake simulations, identical numerical methods were used between the simulations.

The wave-action-balance equations are solved using a modified form of the ERIM Ocean
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Model (EOM) ([93]). The code uses a modified upwind finite-difference method for the
advective and wave-current interaction terms. Here the spectral density is solved at fixed
wave number and spatial coordinates, termed as the action spectral density (A), to permit
use of a sweeping algorithm where each grid point is solved each iteration only if it had
not reached a converged state the previous iteration. Solutions are considered converged
once residuals are reduced to less than 107%. Also, to account for the need to resolve high
wavenumbers, 94/sk is solved as a perturbation function where A = A., + AA, where A,,
is the equilibrium value and AA is the difference from equilibrium. This modification is
required as the action spectrum falls off as K %% at high wavenumbers, which are of utmost
interest when simulating SAR response.

5.3.3 Initial and boundary conditions

Initial and boundary conditions must be specified for the primitive variables from all gov-
erning equations. This includes U, k,e, T, S, p,T", and A.

Initial conditions for the near-surface jet simulations were based on the experimental setup
of Walker et al. [156]. The Re = 1.27 x 10* case used an initial jet velocity U = 0.5m/s,
k=94x10"%m?/s?, and € = 1.45 x 107°m?/s>. The Re = 1.02 x 10° case used an initial
jet velocity U = 1m/s, k = 4 x 107°m?/s?, and ¢ = 1.45 x 107°m?/s®. The surface was
treated as a slip boundary (zero gradient for all variables, except for the normal component of
velocity which is set to zero) and the outlet was treated as an inlet /outlet pressure boundary
which ensures flow may only leave through the boundary, preventing back-flow.

The initial conditions for the ship wake hydrodynamic simulations at ¢ = 0s are described in
detail in chapter 3. Of unique interest here is the flat slip-wall boundary at the free-surface.
As our primary area of interest is the persistent wake, the use of a flat-slip free surface is
considered valid, as in this region the ship induced currents have decayed sufficiently to be
considered low Froude number, similar with the conditions of the near-surface jet simula-
tions. The use of such a boundary condition, however, should be limited to low to moderate
sea-state conditions where significant wave breaking would not occur. This requirement is
consistent with the derivation of the vortex force that assumes monochromatic irrotational
waves. It is also consistent with the approximation made here that SAS is diffused only
through turbulent eddy viscosity. Conditions of moderate to high sea-states would act to
dissipate SAS concentrations, significantly limiting the detectability of a persistent wake.
The initial conditions for the SAS redistribution are described in chapter 4.

The initial conditions for the wave-action balance solver are based on the hydrodynamic and
SAS redistribution simulations. The surface currents, SAS concentrations, and turbulence
dissipation rate distributions are mapped to the spacial grid using bi-linear interpolation.
The action spectral density is set to the equilibrium conditions at the spacial boundaries as
well as the ends of the spectral domain. Here the damping is limited to viscous damping,
given as v, = 4vK?, damping due to ambient SAS (T/r, = 1), and damping due to ambient
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surface turbulence.

5.3.4 Fluid properties and flow conditions

The fluid properties are described by the density and the kinematic viscosity. For the near-
surface jet simulations, the kinematic viscosity and density were set to v = 1 x 1075m?/s
and p = 1000 kg/m?>.

The kinematic viscosity is set to v = 1.0 x 10~%m? /s with a density of p = 1025 kg/m? for the
ship wake simulations. The ambient turbulent kinetic energy for the ship wake simulations
is set to k = 2 x 107 m?/s? and turbulent dissipation rate is set to ¢ = 2 x 107" m?/s? based
on the observations of Wu et al. [160].

Surface wave parameters are set to explore a range of ocean conditions under which SAS
streaks could reasonably be expected to persist. In order to provide additional comparison
with figures 1.3 and 1.4, longer surface waves than those used in chapters 3 and 4, as observed
in the figures, are used. Here, wave amplitudes between 0 and 1.5 m and wavelength of 50 m
are used. It is known that the exact form of the wind-wave spectra is not crucial for the effect
of the vortex force on the non-uniform current [13], so the surface waves are approximated
as monochromatic waves.

Relative wave-ship heading angles of 0° and 180° are used to simulate head— and following—-
seas conditions as these are the limiting cases. Angles between 0° and 180° can also be
simulated, but mesh domain considerations must be made for wake drift at alternate angles.
Full-scale ship parameters are used with F'r = 0.35, Re = 1.85 x 10°, and a ship speed of
U(] =13m / S.

Damping of the short wind waves is calculated using a surface roughening wind speed of
2m/s to provide comparison with the SAR data reported by [100]. Sea wavenumbers are set
to the Bragg resonant values for L,S,C, and X Band to explore the variation with frequency.
The Bragg resonant water wave frequency ( f,,) is related to the radar frequency (f,.) as given

by [98]:

fo = \/gfrsmﬁ n 1677 f2sin30 (5.13)

e pc3

where @ is the incidence angle of the radar beam, c is the electromagnetic wave speed, 7 is
the surface tension, and p is the sea water density.

An ambient surface turbulent dissipation rate of 1 x 107°m?/s? is used for the surface wake
simulations. This is based on a balance of available data. In addition to Wu et al. [160],
St. Laurent and Merrifield [137] provides mean dissipation rates with near surface values on
the order of 2 x 107" m?/s3. St. Laurent and Merrifield [137] also shows data over a two week
period with significant fluctuations in the near surface dissipation rate due to solar heating
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where peaks of 1 x 107*m?/s* are observed during the day. Sutherland and Melville [141]
report measured values as high as 1 x 1072 m?/s® for higher wind conditions (17 m/s) where
significant wave breaking occurs. Dissipation rates for more moderate wind speeds (10 m/s)
are on the order of 4 x 107*m?/s® at a depth of 5 cm and decaying to 1 x 107°m?/s* at
a depth of 1 m. As the majority of the turbulent dissipation occurs in the upper 5 cm of
the ocean boundary layer, the higher dissipation rates are primarily used here with a range
investigated to demonstrate the impact of the ambient surface turbulence.

5.4 Results

In this section, we present simulation results for the hydrodynamics of the far and persistent
wake and the impact of SAS, turbulence, and surface currents on the spectral density in
the wake. First, the accuracy of a range of turbulence models are explored and compared
to the experimental results of Walker et al. [156]. The turbulence model of choice is then
implemented and used in the simulation of the far/persistent wake. Here, there are two
primary outputs: turbulent dissipation rate (&) and surface currents. The simulated surface
currents then are used to redistribute SAS and establish the steady state SAS concentrations.
Finally, the surface currents, SAS distribution, and turbulent dissipation rate are used to
simulate the impact on surface roughness as measured through the wave-action spectral
density.

5.4.1 Near-Surface Turbulence Modeling

Implementation of a near-surface Reynolds-stress redistribution model requires balancing the
prediction of the induced surface currents with the impact on the subsurface flow. Walker
et al. [156] demonstrated that the formation of the surface currents is due to the redistribution
of energy from the vertical normal Reynolds stress to the horizontal normal Reynolds stresses
and that this redistribution acts over a thin near-surface layer. It is important then to ensure
the Reynolds-stress redistribution is limited to this thin layer to minimize the impact on the
subsurface flow. The redistribution model of Walker [154] uses a linear wall reflection term,
equation 5.4, that is shown to not provide sufficient decay rates away from the surface, Figure
5.3. The use of non-linear wall reflection terms (a=2,3) though show improved agreement
with the experimental results. Here, Reynolds stresses, as calculated using the standard k—¢
model at x/d = 32, are redistributed using equation 5.3.

The simulated surface currents for Re = 1.02 x 105 that use the 2/3-1/3 redistribution model
of equation 5.5 are shown in Figure 5.4. The centerline axial-velocity profiles are shown in
Figure 5.5. Setting the coefficient C in equation 5.2 is a balance between capturing the peak
surface currents, the decay in the surface currents away from centerline, and the subsurface
axial-velocity profile. Increasing C raises the level of Reynolds-stress redistribution, which
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Figure 5.3: Vertical distribution of (W — W) for the near surface turbulent jet of [156] at

Re=102,000 using wall reflection exponents (Equation 5.4) ranging from 1-3 at x/d=32.

increases the peak surface current, but also decreases axial velocities. Larger coefficients
also delay the outboard decay of the surface currents, leading to higher predicted currents
outboard of the peaks.

The root-mean-square error for the surface currents and axial-velocity profiles of each model
for Re = 1.02 x 10° are shown in Table 5.1. Here 2/3” designates the 2/3-1/3 redistribution
models of equation 5.5. The first three redistribution models are based on equation 5.2. The
baseline k£ — ¢ model produced the best sub-surface axial-velocity profile at the downstream
station of z/d = 32. At x/d = 16, the peak of the velocity profile was under predicted. It
should be noted that the standard k — ¢ model uses C,, = 0.09. Use of C,, = 0.08 for the
redistribution models is based on the improved agreement in capturing the centerline axial-
velocity peak. Each redistribution model was was able to be tuned to predict reasonable
surface currents, but the linear wall reflection term used by Walker [154] significantly under
predicted the axial-velocity profile. The non-linear wall reflection models were able to be
tuned to similar performance. The quadratic model had slightly better prediction of the
surface currents while the cubic model showed a better centerline axial-velocity profile. The
quadratic model also showed slightly better agreement with the y-position of the surface
current peak and outboard decay. Similar performance was achieved between the models
that used equal redistribution to the normal stresses and the models that provided 2/3 of
the vertical normal stress to the axial normal stress.
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Figure 5.4: Transverse surface currents for the near-surface turbulent jet at x/d = 16 and 32
at Re = 1.02 x 10°. Dash-dot lines: a = 1, Dashed lines: a = 2, Solid lines: a = 3, o: [156]

Ux/(Uyd)

Figure 5.5: Centerline axial-velocity profiles for the near-surface turbulent jet at z/d = 16
and 32 at Re = 1.02 x 10°. Dash-dot lines: a = 1, Dashed lines: a = 2, Solid lines: a = 3,
0:[156]
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Table 5.1: Root-mean-square error of the simulated surface currents and centerline axial
velocity profiles for the near surface turbulent jet at Re = 1.02 x 10°.

Surface Currents Centerline Velocity

Model | x/d=16 | x/d=32 | x/d=16 | x/d=32
k—e 0.448 0.908 0.347 0.420
a=1 0.175 0.199 0.361 1.352
a=2 0.1758 | 0.1788 0.226 0.826
a=3 0.172 0.241 0.291 0.466
2/3 (a=1) | 0.1736 | 0.1781 | 0.425 | 1.321
2/3 (a=2) | 0.1462 | 0.1951 0.223 0.803
2/3 (a=3) | 0.1737 | 0.2029 0.245 0.676

The turbulence models were also tested against a near-surface jet at Re = 1.27 x 10? with
the root-mean-square errors presented in Table 5.2. The surface current and subsurface-
velocity profiles were similar to those of the higher Reynolds number case. Again, the linear
wall-reflection model significantly under predicts the centerline axial-velocity profile while
the non-linear models produce similar results.

Table 5.2: Root-mean-square error of the simulated surface currents and centerline axial-
velocity profiles for the near-surface turbulent jet at Re = 1.27 x 10%

Surface Currents Centerline Velocity

Model | x/d=16 | x/d=32 | x/d=16 | x/d=32
k—e 0.390 0.812 0.339 0.350
a=1 0.173 0.166 0.374 1.265
a=2 0.142 0.164 0.298 0.594
a= 0.174 0.220 0.281 0.528
2/3 (a=1) | 0.202 0.196 0.376 1.183
2/3 (a=2) | 0.199 0.211 0.156 0.462
2/3 (a=3) | 0.1516 | 0.1571 | 0.3018 0.5028

The most significant variation between Reynolds numbers was the prediction of the outboard
decay rate of the surface currents. The higher Reynolds number case under predicted the
decay rate, while the lower Reynolds number case showed much better agreement with the
experimental data at the outboard locations.

One potential shortcoming of these models is the use of the turbulent length scale to deter-
mine the depth of redistribution as it is not constant across the surface, Figure 5.6. Each case
shows a variation in the length scale across the jet of approximately 20%. This leads to the
depth of redistribution being greater at the edges of the jet current than along the centerline.
Miner et al. [101] used a length scale based on 1/4™ of the jet half-width to determine the

83



1.25

.
Re=102,000
— — Re=12,700 /

| | | |
0 0.05 0.1 0.15 0.2 0.25
y/x

Figure 5.6: Turbulent length scale on the surface for the near-surface jet simulation at
x/d = 32 using the quadratic wall reflection 2/3-1/3 redistribution model.

depth of redistribution and achieved reasonable results compared to the Re = 1.27 x 10*
case using an algebraic stress model. Miner’s model also incorporated a near-surface modifi-
cation to the turbulent dissipation rate that is not accounted for here. Establishing the local
half-width for a constantly evolving ship wake would be challenging though, and results at
higher Reynolds numbers were not presented. As the primary quantity of interest for the
ship-wake simulations is the formation of surface currents, the quadratic model is chosen
to be used. Also, since no significant difference in performance was observed between the
models with equal vertical normal stress redistribution and those with 2/3 redistribution to
the axial normal stress, the 2/3 redistribution model is chosen due to the experimentally
observed redistribution.

5.4.2 Hydrodynamics

The observable structure of the persistent wake is due to the compacting of surface active
substances into streaks by surface currents that are transverse to the direction of ship motion
([118],[98]). It was demonstrated in chapter 3 that persistent surface currents could be
induced by Langmuir-type circulations (LTC) in the wake of a ship operating in an ambient
wave field. LTC are formed by the interaction of the ship-induced drag and thrust current
with the ambient waves, where the direction of rotation is dependent on the ship heading
relative to the wave field. The case of the ship operating in head seas was shown to form
an inner pair of LTC that rotate top-inboard and an outer pair that rotate top-outboard.
These submerged circulations induce a strong centerline convergence zone due to the inboard
rotating circulations and two weak outer convergence zones. The ship operating in following
seas was shown to form persistent circulations that rotate in the opposite direction to the
head seas case. The inboard circulations rotate top-outboard and the outboard pair rotate
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Figure 5.7: Transverse surface velocity (cm/s) for a ship operating in calm seas.

top-inboard. The induced surface currents in following seas form two strong convergence
zones that are offset from the centerline with a diverging zone between them.

Here, we combine the effects of surface currents due to LTC and those induced by near-surface
Reynolds-stress anisotropy and examine the impact of each based on changing ambient wave
conditions. As evident by equation 3.3, the strength of the LTC, and in turn their induced
surface currents, is a function of the ambient wave field.

First, we examine the induced surface currents for calm seas, where the wave amplitude is
zero, Figure 5.7. The surface currents induced by the near-surface Reynolds-stress anisotropy
form currents away from ship centerline and reinforce the outboard currents generated by
the propellers. It was demonstrated in chapter 3 that the surface currents induced by the
propellers mostly decay by 6000m. Here, outboard currents O(lecm/s) are shown to be
maintained well into the persistent wake.

Next we examine the impact of a ship operating in following seas over a range of wave
amplitudes. As the ship in following seas generates LTC that induce surface currents away
from centerline, they reinforce the outboard currents due to the near-surface Reynolds-
stress anisotropy. It was shown in chapter 3 that the set of inboard circulations formed
in following seas was significantly stronger than the outboard circulations. The induced
surface currents of the outboard circulations dissipated by 10km. Here, the surface currents
due to Reynolds-stress anisotropy are shown to cancel the inboard current generated by
the outboard LTC, while the growing inner LTC reinforce the outboard Reynolds-stress
anisotropy induced current. The surface currents are observed to increase in magnitude and
width with increasing wave amplitude due to the increased vortex force.

Finally, the condition of a ship operating in head seas is considered. The surface currents for
wave amplitudes of 0.5 m to 1.5 m are shown in Figure 5.9. At low wave amplitude (0.5 m), the
inner LTC are only sufficiently strong to dampen the turbulence anisotropy induced outboard
currents. With increasing wave amplitude, the inner LTC strengthen and form the centerline
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Figure 5.8: Transverse surface velocity (cm/s) for a ship operating in following seas with
wavelength of 50 m and wave amplitudes of 0.5m, 1.0m and 1.5m.
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convergence zone observed at 1 m and 1.5 m wave amplitudes. Simultaneously, the outboard
surface currents are dampened and are mostly dissipated by 20 km with wave amplitude of
1.5m. Aft of this position, a single centerline convergence zone persists. Forward of this
point though, three convergence zones exist. The centerline convergence zones for the 1 m
and 1.5 m wave amplitudes are similar in magnitude and persistence. The primary difference
between the centerline convergence zones is in the far wake where the 1.5 m wave amplitude
case shows the formation of strong surface currents around 4000 m, where as the 1 m wave
amplitude case peaks around 10 km with reduced magnitude.

5.4.3 SAS Redistribution

Ambient SAS is redistributed in the wake by the induced transverse surface currents. Con-
centration ratios for calm seas, following seas, and head seas are shown in Figure 5.10 at
locations 3.5 km and 10 km behind the ship. The cases of following seas and head seas are
both for a 1.0 m wave amplitude. At a distance of 3.5 km, the structure of the edge bands
is similar between all three conditions with following seas showing stronger concentrations
that have moved slightly more outboard. Both head seas and calm seas predict SAS con-
centrations around 3 at this distance with following seas predicting concentrations around
4. Head seas also shows a strong centerline streak also with a concentration ratio of 3. The
reduction in concentration through the wake center, other than the head seas centerline
streak, is similar between head and following seas where almost all SAS is redistributed into
one of the streaks. Greater than half the SAS through the center is redistributed in the case
of calm seas.

At a distance of 10 km, the SAS concentration edge streaks have moved outboard and reduced
in magnitude. Here, the following seas edge band has separated from the calm and head seas
cases and maintained higher concentration levels. The centerwake region is similar between
following and calm seas. The edge bands of the head seas case remain similar in magnitude
to the calm seas condition, but move less outboard due to the growing inboard rotating LTC.
The centerline streak in head seas now dominates the wake with SAS concentration ratios
similar to following seas at 3.5 km. The reduction in SAS concentration in the centerwake,
outside the streaks, is now greatest for head seas due to the strong centerline convergence
zone. The SAS concentration levels predicted here at 10 km for calm and following seas now
fall into the range where the SAS film pressure-film area relationship is significantly variable

across the cases studied and would impact the observed persistence of the edge bands, Figure
2.2.
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Figure 5.10: SAS concentration ratios 3.5 km (left) and 10 km (right) downstream for calm,

following, and head seas cases. Following seas and head seas cases use a wave amplitude of

1.0 m each.

5.4.4 TImpact of SAS, Turbulence, and Surface Currents on Surface
Roughness

The impact of SAS, turbulence, and surface currents on surface roughness is evaluated
through the spectral density from the wave-action balance, equation 2.2. Here the spec-
tral density is measured relative to the ambient equilibrium value taken outside the wake. In
a similar fashion to the hydrodynamic results, we present the spectral density plots based on
ambient-wave conditions. First, we present the case of calm seas, where LTC are not formed.
In order to establish the direct impact of surface currents, we initially set turbulence levels
and SAS to their ambient conditions everywhere, Figure 5.11. Values of the spectral density
are shown for conditions where the wave energy is traveling across the wake (left) and along
the wake (right) and at wavenumbers corresponding to Bragg resonant wavenumbers for L,
S, C, and X band radar. As expected, the wave energy is significantly modified across the
wake due to the strong transverse velocity gradients induced by the near surface Reynolds
stress anisotropy, Figure 5.12. The effect is observed to be strongest for lower wavenumbers
(L and S). At L band, the centerline sees strong damping due to the positive transverse
velocity gradients with bright bands of amplified roughness defining the wake edges due to
the negative gradients outboard. As wavenumber increases, the relative impact of the edge
bands decreases in comparison to the centerline damping. The observed asymmetry is due
to the direction of wave energy. Wave energy traveling in the opposite direction mirrors the
images shown here. Wave energy along the wake is significantly less impacted by the wake
across the frequency spectrum. At L band, near field structure from the velocity gradients
induced by the propeller and breaking waves are visible. At higher wave numbers these
details are lost and primarily replaced by centerline damping with short lived edge bands of
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elevated energy.

The inclusion of ship induced turbulence, Figure 5.13, is similar in structure to the case
without it for energy traveling across the wake, but with increased dampening through the
wake center where ship-induced turbulence is strong. The bright streaks of elevated wave
energy due to the transverse velocity gradients persist and define the wake edges. Similar
to the case with only surface currents, Bragg-resonant wavenumbers for L-band radar show
higher sensitivity to turbulent dampening than X-band as 7, o K??. Since the spectral
density is measured relative to the ambient environment, the impact of turbulent dampening
decreases moving from L-band to X-band. The roughness amplification due to the outboard
currents is partially damped and the turbulent centerline wake now shows longer persistence
than the outboard amplified roughness for frequencies greater than L. band. The structure
of energy traveling along the wake is simplified with the inclusion of turbulent damping.
The nearfield details observed with only surface currents included have been covered by the
centerline damping.

Including SAS redistribution significantly changes the surface roughness modification, Figure
5.14. The transverse surface currents shown in Figure 5.7 redistribute SAS to the wake edges
and form streaks where the spectral density is damped into the persistent wake. Strong
damping due to SAS is primarily observed at wavenumbers less than X-Band, with the
maximum relative damping at S band. Under conditions with reduced ambient SAS and
where SAS sources are included, X-Band damping would be expected to be more pronounced
than the lower wavenumbers due to the higher absolute damping.

The surface-roughness amplification due to the outboard current gradients has now been
mostly damped by SAS. At higher wavenumbers though, the centerwake is dominated by
the brightness of the amplified roughness due to wind where the SAS has been removed
and redistributed to the wake edge. At X band, the centerline amplification exceeds the
damping due to SAS along the edge bands. The structure of the wake centerline at lower
wave numbers is similar to the case without SAS redistribution, with elongated centerline
damping of wave energy across the wake compared to the damping of energy along it. Wake
widths of 110m at 10 km and 140 m at 20 km behind the ship are predicted.

The spectral density using elasticity data from Da Silva et al. [29], Figure 5.16, shows the
wake structure to be quite similar to Figure 5.14. At a downstream distance of 5km, the
edge bands are similar in magnitude as the SAS concentration ratios in the near/far field are
around 3. Use of the SAS properties from Da Silva et al. [29] predicts a reduced centerline
roughness amplification as the ambient SAS damping (7o) is lower than that from Milgram
et al. [98]. Further downstream, the delta between the edge bands grows as the concentration
ratios begin to diminish. This has implications on both the strength and persistence of the
edge bands with changing SAS elasticity characteristics.

The spectral density distribution in the wake of the ship operating in following seas is shown
in Figures 5.17-5.19. The structure of the wake is similar to the case of calm seas for
a wave amplitude of 0.5m. Turbulence and surface currents dissipate short waves in the
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Figure 5.11: Spectral Density (dB) for a ship operating in calm seas with turbulence and
SAS set to ambient conditions everywhere at L, S, C, and X Band. Spectral energy is taken
across wake (left) and along wake (right).
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Figure 5.12: Transverse gradient in transverse surface current at lkm, 5km, and 10km
downstream in calm seas.

near/far wake, while streaks of SAS provide persistent damping for distances greater than
20km. Streaks of amplified surface roughness are again observed between the center wake
and the edge bands where SAS has been removed, but outside the turbulent damping zone.
The impact of LTC amplifying the spectral energy in this region is most easily observable
for L-Band with reduced amplification at higher frequencies. As expected, higher wave
amplitudes, which generate stronger LTC, further enhance the amplification due to larger
velocity gradients, Figure 5.20.

Cross-sections of the spectral density at distances 3.5 and 10 km behind the ship are shown
in Figure 5.21. Damping due to SAS along the outboard edges of the wake is clearly observed
with lower spectral density values in the along wake direction. The damping characteristics
of SAS are not impacted by the direction of wave energy, but the amplification of surface
roughness in the across wake direction due to surface currents reduces the reduction of
spectral density relative to the ambient. The strong centerline damping at 3.5km due to
turbulence and surface currents is clearly observed in the across wake direction with reduced
modification in energy along the wake. At a downstream distance of 10 km, the centerline
damping due to turbulence and surface currents has mostly diminished, while the damping
due to SAS along the edge bands persists. At this 1m wave amplitude, wake widths of
140 m and 185 m are predicted at 10 km and 20 km behind the ship for damping values of
-0.5 dB. Increasing wave amplitude also increases both the width and the persistence of SAS
damping.

It was demonstrated in chapter 3 that the centerline upwelling zone formed by LTC in
following seas decreased the decay rate of the axial surface current induced by the ship
propellers, which in turn supports increased LTC persistence. The outboard currents along
centerline were also shown in chapter 3 to widen the thrust current with increasing distance.
This effect forms a centerline region in the persistent wake where outboard velocities are no
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Figure 5.13: Spectral Density (dB) for a ship operating in calm seas with turbulent damping,
but no SAS redistribution at L, S, C, and X Band. Spectral energy is taken across wake
(left) and along wake (right).
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Figure 5.14: Spectral Density (dB) for a ship operating in calm seas with surface roughness
modifications due to surface currents, turbulence, and SAS redistribution at L, S, C, and X
Band using elasticity properties from Milgram et al. [100]. Spectral energy is taken across
wake (left) and along wake (right).
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Figure 5.16: Spectral Density (dB) of wave energy traveling across the wake at S-Band for
a ship operating in calm seas with elasticity properties given by Da Silva et al. [29] and
Milgram et al. [98] at 5km and 19km behind the ship.

longer sufficient to redistribute SAS to the wake edges. This is most clearly observed for
an ambient wave height of 1.5m, where a center damping region remains starting around
15 km behind the ship. In the absence of SAS sources, this region of SAS would in actuality
have been previously redistributed by the ship wake and is a current limitation of the model
employed here, but does demonstrate that with the inclusion of SAS sources, additional
damping regions can form within the wake center where redistributing currents have become
small.

Finally, the spectral density in the wake of a ship operating in head seas is shown in Figures
5.22-5.24. In conditions with small wave amplitude (0.5m) (Figure 5.22), the far-wake
structure is similar to the case in calm seas at L. band as the surface currents induced by
near surface Reynolds stress anisotropy are stronger than the weak LTC. The transverse
gradients of the surface currents, Figure 5.25, show similar structure to calm seas for the
0.5m wave amplitude condition. The weak, but growing LTC resist the redistribution of SAS
away from centerline, forming a centerline band further downstream in the persistent wake
that is observable in all but L-Band. Overall though, these combined effects make the ship
operating in a head seas condition with small wave amplitudes have a less persistent wake
than one operating in calm seas at L-band, but of similar persistence for higher wavenumbers.
Additionally, the centerline wake structure in the near/far wake is similar to the calm seas
condition where at higher wavenumbers the wake centerline is dominated by amplified higher
frequency roughness up to approximately 7 km.

As wave amplitude increases, the wake structure changes. A wave amplitude of 1 m shows
significant damping to occur along the centerline convergence zone that now begins within
the turbulent damping zone and extends well beyond 20km. Along the edges, damping
also persists beyond 20km. The wake width now is observed to decrease with increasing
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Figure 5.19: Spectral Density (dB) for a ship operating in following seas with wavelength of
50m and wave amplitude of 1.5m at L, S, C, and X Band. Spectral energy is taken across
wake (left) and along wake (right).
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Figure 5.22: Spectral Density (dB) for a ship operating in head seas with wavelength of 50 m
and wave amplitude of 0.5m at L, S, C, and X Band. Spectral energy is taken across wake
(left) and along wake (right).
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Figure 5.23: Spectral Density (dB) for a ship operating in head seas with wavelength of 50 m
and wave amplitude of 1.0m at L, S, C, and X Band. Spectral energy is taken across wake
(left) and along wake (right).
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Figure 5.24: Spectral Density (dB) for a ship operating in head seas with wavelength of 50 m
and wave amplitude of 1.5m at L, S, C, and X Band. Spectral energy is taken across wake
(left) and along wake (right).

103



x10°8
T

0.02

1km

0.015

0.01

0.005 [

ovl oy

-0.005 [

-0.01

P 60 40 20 o 20 4 e 80 e w0 w0 22 o 2 4 e &
Y Position (m) Y Position (m)

Figure 5.25: Transverse gradient in transverse surface current at lkm, S5km, and 10km

downstream in head seas with 0.5m (left) and 1.5m (right) wave amplitudes.

wave amplitude due to the strong inboard rotating LTC. The case of 0.5 m wave amplitude
shows a wake width of 95m at 10km downstream and 115m at 20 km downstream. The
width decreases to approximately 85 m at 10 km and 100 m at 20 km downstream with 1.5m
wave amplitude. It is also observed that at the highest wave amplitude (1.5m), the L-Band
wave energy traveling across the wake is dominated by surface currents due to the strong
gradients across the wake, Figure 5.25. Here, the positive gradients well exceed those of the
0.5m wave amplitude case and persist over 10 km downstream. Roughness amplification due
to the negative current gradients also exceed the lower wave amplitude conditions both in
magnitude and persistence.

As wavenumber increases, the impact of SAS over surface currents increases such that at
X-Band there is minimal difference between the energy traveling across the wake and energy
traveling along the wake.

It should be highlighted that the relative impact of each phenomena is a function of the wave
number of interest. Bragg-resonant wave numbers for L-band radar show higher relative
sensitivity to turbulent dampening than C-band as v, oc K%/3, while the ambient short wave
damping due to viscosity is 7, oc K2. Since the spectral density is measured relative to the
ambient environment, the impact of turbulent dampening decreases moving from L-band to
C-band. The impact of SAS is highest at S-Band for concentration ratios greater than 1.5
as shown in Figure 5.1. SAS also produces a strong relative damping factor at C-Band, with
relative damping decreasing for L and X-Band. It’s important to note that these conditions
assume the presence of SAS in the ambient field. Under circumstances were the ambient
SAS levels are low, but SAS is brought to the surface by the passage of the ship, the relative
damping in the edge bands would be significantly greater.
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Figure 5.26: Surface tension measurement in the wake of DDG-996 19km downstream of the
ship. Peltzer [115]

5.5 Comparison with Experimental Data

Here, comparison is again made to the 1989 ONR Field Experiment [118]. During these
experiments, data was taken on the variation in surface tension behind the USS Chandler, a
US Navy destroyer. The variation in surface tension was caused by the compacting of SAS
into streaks in the wake which formed concentrated regions of reduced surface tension along
the edges of the wake. Wake widths were estimated based on the distance between these
regions of reduced surface tension as well as on video recordings of the experiment. In the
persistent wake, wake widths on the order of 150 m and 170 m were measured 10km and
20km behind the destroyer at 25knots, Figure 5.26. Milgram et al. [98] noted that during
these tests the wind was coming from the port stern quarter, signifying a following-seas
condition. Comparison of these measured wake widths with Figure 5.14 shows that surface
currents due to Reynolds-stress anisotropy alone do not generate wakes of sufficient width
to explain those observed in the experiment. Considering the combined effect of turbulence
anisotropy and LTC, Figure 5.18, reveals wakes of sufficient width with ambient waves with
approximately 1.0 m wave amplitude. It should also be noted that measured wake widths
in the field experiment showed a level of variability, also suggesting a partial dependency
on environmental conditions. Of the two 25knot cases studied, a wider wake width was
observed with higher wind speeds as measured by the ship. This would lead to larger wave
amplitudes and stronger LTC.

During the same tests, SAR imagery was taken by aircraft, Figure 1.4. The image shows
the formation of a persistent "rail-road track” wake beyond about 3.5km. Forward of the
small research vessel shown in the center of the image, the wake is attenuated across the
width. These findings are mostly in agreement with Figure 5.18, where the spectral density
is attenuated by turbulence and surface currents along the wake center with persistent SAS
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with wavelength of 50 m and wave amplitude of 1.0 m. Right - SAR image intensity in wake
of DDG-996 3652m behind the ship [98].

streaks defining the wake beyond. As the ship was operating in an oblique seas condition, the
strength of LTC would be less than that predicted here, which would reduce the magnitude
of the outboard surface currents and in turn reduce the regions of amplified roughness. It
should also be noted that in the current model the wind energy input across the wake is
uniform regardless of SAS concentration. Mitsuyasu and Honda [103] observed a reduction
in the friction velocity of wind over a surface film compared to clean water. Inclusion of this
effect would further reduce the observed regions of amplified roughness.

Milgram et al. [98] showed peak attenuation of spectral density across the SAS streaks of
3dB to 3.5dB 3563 m behind the ship with an L-Band SAR. Here we predict attenuation
in this range in the along wake direction, but the impact of surface currents reduce the
attenuation in the across wake direction, Figure 5.27. This result also gives credence to
the results of Anthony et al. [9] being applicable at low Froude numbers in addition to the
high Froude number case. In this scenario, the surface currents, and more importantly their
gradients, would be reduced as the impact of Reynolds stress anisotropy would be partially
mitigated by the surface film. At the same distance, Milgram et al. [100] showed damping
around 2 dB through the wake centerline. This level of damping is observed in the across-
wake direction, with reduced damping in the along wake direction. Direct comparison here
is difficult as the spectral density is measured relative to the ambient condition, which is
not fully known for the experimental data. In particular, the ambient surface turbulent
dissipation rate is unknown. Milgram et al. [100] imposes an initial condition where the
L-Band spectral density is reduced 7 dB for a full ship beam on either side of centerline to
account for complex near field effects (wave breaking, bubbles; etc). Our IDP model also
predicts a reduction of the spectral density of 7 dB along centerline at a distance of 4 ship
lengths (500 m), but not extending a full ship beam to either side of centerline. This is
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mostly attributed to the lack of inclusion of these complex, ship specific, near field effects.
Unfortunately, the published SAR data is limited to this single run with data only in the
near/far wake region. Despite these comparative limitations, the predicted wake widths and
wake structure show good agreement with the published data and images.

An additional image of the same ship in a head seas condition is also provided by Milgram
et al. [98], Figure 1.3. In a similar manner as the case in following seas, the wake is initially
attenuated through the wide center wake due to turbulence and surface currents, as predicted
by Figure 5.23. Several kilometers behind the ship, the turbulence dissipates and a narrower
centerline streak is observed, also as predicted by Figure 5.23. Milgram et al. [98] noted
that the sea waves were coming from the starboard bow quarter. Chapter 4 demonstrated
that the structure of the persistent wake in a head seas condition is highly sensitive to the
strength of the LTC and the initial film pressure of the ambient SAS field. The predicted
outboard streaks are weakened when the ship is not directly into the waves. The outboard
streaks were also shown to dissipate sooner with lower initial film pressures in the ambient
SAS field as higher levels of SAS compacting are required to achieve the same level of short
wave damping. These combined effects suggest that the less persistent edge bands predicted
in Figure 5.23 may not appear in many conditions and only the strong centerline streak may
be observed.

5.6 Conclusions

The structure of the far and persistent wake of surface ships has been shown to be a combined
function of several hydrodynamic phenomena. Specifically, the effects of surface currents,
turbulence, and surface active substances have been presented here with their relative im-
pact on each region of the wake. Two primary mechanisms that generate surface currents
that compact SAS were studied: near-surface Reynolds-stress anisotropy and Langmuir-type
circulations. Turbulence models that utilize the k — ¢ formulation were modified to incorpo-
rate the redistribution of the vertical Reynolds stress to the axial and transverse Reynolds
stresses over a thin surface layer. The use of non-linear redistribution models were found
to provide improved agreement with experimental data over linear redistribution models.
A quadratic redistribution model was implemented into the persistent wake solver to allow
predictions of surface currents due to the combined effects of near surface Reynolds stress
anisotropy and Langmuir-type circulations.

In the far wake, it has been shown that turbulence and surface currents contribute to the
dampening of short wind waves through the center of the wake, while SAS is compacted
along the edges. The direct impact of surface currents on the spectral density was observed
to be small relative to the dampening effect of turbulence for the wind/wave conditions used
here. Wind conditions directly across the wake generate enhanced surface roughness due to
interaction with the outboard induced currents, but limited data exists for these conditions.
It should be noted that operation in areas with low SAS concentrations or low initial film
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pressures would also enable the amplification of surface roughness due to surface currents
and the formation of the sometimes observed bright streaks along the edges of the turbulent
center wake. Incorporation of a friction velocity modification, though, is recommended to
account for reduced amplification in regions where SAS is concentrated. A more complete
model of this region would also need to account for the effects of bow/stern wave breaking
and bubbles.

In the persistent wake, calm and following seas show similar wake structure, but the effects of
LTC in following seas increase the width of the wake. Comparisons to wake widths measured
by Peltzer et al. [118] show good agreement with the cases of following seas, highlighting the
importance of inclusion of both turbulence anisotropy and LTC-induced surface currents. In
head-sea conditions, the formation of a persistent centerline streak along with two weaker
outboard streaks are predicted. The outboard streaks are not as persistent as the centerline
streak and, as highlighted in chapter 4, their existence is highly dependent on both the
strength of LTC and the ambient SAS film pressure.

While reasonable agreement with available data was achieved here, the need of quality
full-scale data can not be overstated where complete environmental parameters are known.
Model improvements such as the inclusion of SAS sources/sinks and consideration of near
field effects will enhance model comparisons. In addition, for actual wake predictions, it is
recommended to utilize a more complete Reynolds-stress transport model that incorporates
environmental forcing such as the work of [157]. as the work of Wall and Paterson [157].
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Chapter 6

Simulating SAR images of Surface
Ship Wakes

6.1 Introduction

The application of SAR to the study of surface ship wakes has been prominent since the
days of SEASAT in the 1970’s. Early research was focused on the near/far field wake
features (Kelvin wake, centerline tubulent wake, breaking bow /stern waves) as they were the
most prominently observed in these early images. Advances in sensor and data processing
have enabled detection of distinct features within the wake. Here focus is primarily on the
structure of the persistent wake and the impacts of Langmuir type circulations (LTC), near
surface Reynolds stress anisotropy, SAS redistribution, and turbulence.

The approach to SAR (Synthetic Aperture Radar) modeling taken here is a multi-step ap-
proach that involves initially solving for the radar cross section (RCS) where the ocean waves
are averaged and also without consideration for actual instrumentation limitations. In this
analysis, a composite approach is taken where the influence of the small scale wind waves
are accounted for through Bragg scattering and the larger scale waves are accounted for
through a specular component. The impact of the randomness of the ocean surface is then
incorporated by considering the change in RCS with the inclination angle and finally the
impact of the sensor altitude, speed, and resolution are included.

This chapter is organized as follows. First a description of the electromagnetic model used to
predict the composite response due to Bragg scattering and specular components is provided.
A discussion on the methods used to account for the randomized ocean realization is provided
next to complete the perfect SAR model. A description of the Simulated SAR model is then
described including the full SAR process from signal detection to image processing. Results
on the perfect SAR and simulated SAR images are presented for the ship operating in calm
seas, head seas, and following seas with the same conditions as discussed in chapter 5. Results
here are also compared to the spectral density distributions discussed in chapter 5. Results
are also compared to experimental data from the 1989 ONR Field Experiment [115] followed
by recommendations for further model development.
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Figure 6.1: Two scale model of surface waves as presented by Hasselmann et al. [56]. The sep-
aration wave number must be large in comparison to the Bragg wavenumber, but sufficiently
small to satisfy the requirements of a perturbation analysis.

6.2 Mathematical Model

6.2.1 Electromagnetic modeling

The radar cross section is modeled using a composite approach where the contributions of
the small scale structure are solved based on Bragg scattering and the large scale structure
contribute to the physical optics. These two regimes are demonstrated in Figure 6.1. The
cutoff frequency between the two scales is taken to satisfy the requirements of a perturbation
analysis,

A2 <1 (6.1)

where kg is the electromagnetic wave number and (, is the mean-square height of the small
scale structure. Lyzenga and Bennett [93] found there to be a smooth transition between
the large scale and small scale contributions if the cutoff frequency was set as kq = ko/3,
which corresponded to 4k2¢? ~ 0.1. Hasselmann et al. [56] used a value of kg = ky/5 and
commented that this choice marginally satisfies the geometric optical condition for long
waves, kg << kosin(f), where € is the incidence angle of the electromagnetic radiation on
the surface. Here, we follow the methodology of Hasselmann et al. [56] and use ky = ko /5.

The radar cross section due to Bragg scattering for a roughened surface is given by Wright
[159] and Plant [121] as

o5 (0,0) = 167ky|G (0) S (Ko, ¢) (6.2)
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where G () is a polarization-dependent scattering coefficient, S (ky, ¢) is the surface elevation
spectral density at the Bragg resonant wave number, and ¢ is the radar look direction (view
azimuth). The Bragg resonant wave number is k;, = 2k sin 6.

The polarization-dependent scattering coefficients are given by Wright [159] based on the
Fresnel reflection coefficients as

G () = Gy, = —R, cos*(0) + % (6 ; 1) (14 R,)*sin?(0) (6.3)
G (6) = th = —Rh (9) COSQ(Q) (64)

R, for vertical polarization is given as

R, (0) = g cos(f) — /e — sin*(0) (6.5)

ecos(f) + /e — sin?(0)

and Rj, for horizontal polarization is given as

Ry (0) = cos(f) — /e — sin*(0) (6.6)

cos(0) + /e — sin?(0)

where ¢ is the relative dielectric constant of the ocean as given by Klein and Swift [78].
The second term on the right hand side of equation 6.3 is not included by all authors. A
numerical study found this term to have a small impact for L-band, but increasing influence
at higher frequencies.

The surface elevation spectral density at the Bragg wave number is given as S (ky, d) =
w A (ky, @) + A (ky, ¢ + 7)) where w is the water wave frequency, A (k,¢’) is the action
spectral density, and ¢’ is the wave propagation direction relative to the view azimuth. Since
the action spectral density is solved at discrete wave numbers and the value and derivative
at the Bragg wave number are needed, the spectrum is modeled as a power law function

S(k,¢) = Bk™° (6.7)
where B and c are fitted around the Bragg wave number.

In reality, the small scale waves ride on top of the large scale waves and in effect are tilted
relative to the incoming radiation beam. This effect is accounted for by treating the surface
as a series of facets that are tilted by angles o and ~ relative to the mean surface where «
is the angle between the vertical and the projection of the surface normal onto the plane of
incidence and ~ is the angle between the vertical and the projection of the surface normal
onto a vertical plane perpendicular to the plane of incidence. The tilt angle a modifies
the local incidence angle, while the tilt angle v impacts the polarization of the incident
radiation. Considering the randomness of the ocean, the tilt angles are normally distributed
with a probability density function given as

p (@) dady = ?/; exp{ — % (%)2 } (6.8)
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Figure 6.2: Surface facet tilt angle probability distribution as a function of the local surface
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and distributed as shown in Figure 6.2 where &, is the surface slope in the plane of incidence.
The standard deviation of the surface slope, o¢,, is taken as the square root of the variance,
which, assuming a zero mean slope, is the mean square slope, < &2 >, obtained from the
surface elevation spectrum by integrating over wave numbers smaller than k; as done by
Lyzenga and Bennett [93] as

<@>— / ' / 0 o (¢9) 8 (k. ) hdkdd (6.9)
o Jo
<& >= /0 ’ /0 v k?sin? (¢) S (k, @) kdkdg'. (6.10)
The local incidence angle is then taken as ' = 6 + «. The tilt angle ~ is calculated as
= a"jgf (6.11)

where o¢_ ¢, is the covariance of the surface slopes.

The titled Bragg radar cross section is then modeled as
o5 (0, 6) = 167k / / G (0,7) 125 (ks &) p (0, 7) dardy. (6.12)

The scattering coefficient for vertical polarization is not impacted by the tilt angle v, but
the horizontal polarization scattering coefficient is modified as

tan? (vy)
sin? (6")

th (9/, ’)/) = th (6/) -+ Gm, ((9’) (613)
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The large scale contribution from the specular component is given based on Barrick [12] and
Wright [159] as

0.0)= RO P | e o0 (g (6.14)
Os ’ = X — .
costd 2mELE, P 2¢,°
where |R (0) | is the Fresnel reflection coefficient at normal incidence given as
1—¢
R(0) = . 6.15
0)= 1 (6.15)

The total radar cross section is then sum of the small scale contribution from Bragg scattering
and the large scale specular component,

00 =0p + 0s. (6.16)

6.3 Ocean Realization

The actual ocean surface at any given moment is a randomized realization of the surface
height. In order to generate this realization, the wave heights in Cartesian space are calcu-
lated based on the spatially varying wave height spectral density given in polar-wavenumber
coordinates (S(k, ¢)). A sampling window is passed over the hydrodynamic grid where the
the spectral density at the center of each window is taken through bilinear interpolation
where the wave height spectrum is the square root of the interpolated spectral density. The
window is discretized into a grid of spatial wavenumbers, described by Lyzenga [90] as

P M
km:L—:(m—T),mzL..,M—l (6.17)

2 N
kn:L—:(n—E),nzl...,N—l (6.18)

where L, and L, are the x and y dimensions of the window. The number of nodes (M, N)
within each window is determined by the ratio of the maximum resolved water wavelength
and the pixel size in each direction. The size of each window (L, L,) is determined by
the number of nodes and the pixel size, e.g. L, = MP,, where P, is the pixel size in
the x—direction. Each spatial wavenumber (k,,, k,,) corresponds to a deep-water wave with
frequency wy, = v/gk, where g is gravitational acceleration and k is the magnitude of the
spatial wavenumber. The wave height spectrum from the center node is distributed over the
window based on each node’s spatial wavenumber and polar angle ¢ relative to the center.
The distributed wave height spectrum is multiplied by a random complex amplitude and
phase and passed through a Hanning window function to reduce edge effects described as

1 1 2mm
=, /=—= — ). 1
Wiy \/2 5 €08 < i ) (6.19)




The surface height at each location within the window can then be described as
472
L,L,

where r is the magnitude of the random complex number that ranges between -1 and 1 and
¥ is the random phase ranging between 0 and 2.

1/2 ,
z(m,n) = S (m, n)] Wy w,re™ (6.20)

The window is translated half a window length (L, /2) and repeated with all windows finally
summed to achieve the total surface realization. The half-window translation allows each
location in the total surface realization to be the sum of four z (z,y) values.

6.3.1 Perfect SAR

Consideration for a perfect SAR (pSAR) image (no limitations of instrumentation) is given
by generating an image that incorporates the randomness of the ocean realization. As
previously discussed, the local tilt angle @ modifies the inclination angle §. The randomized
surface realization is accounted for by multiplying the local surface slope of the realization
with the partial derivative of the total RCS with respect to the inclination angle and adding
this to the total RCS calculated with averaged wave characteristics as

Bz 900
P, 00

where Az, is the change in surface height across a pixel from the ocean realization, Az, =
z (x1,y1,t) — 2 (x2,91,t), and P, is the pixel size in the x—direction.

OpSAR = 0B + 05 + (6.21)

6.3.2 Simulated SAR

SAR achieves fine azimuth resolution by taking many returns from the same location at vari-
ous phase changes and processing the returns. A schematic demonstrating this methodology
is shown in Figure 6.3. Each pulse sends a beam of electromagnetic energy that spreads
across the beam width based on the antenna pattern such that elements at the edges of the
beam have less power than those in the beam center. The return at each element is stored
as a phase history. The platform moves forward a distance Vt, where t is the pulse duration
and V' is the platform velocty, and emits another pulse. The antenna pattern has shifted the
distance of one element such that the x-position of element j is now located at the x-position
of j+1 from the previous pulse. Once the position x has been passed over by the full antenna
pattern, the returns can be processed to provide the required azimuthal resolution.

The antenna gain pattern is given as

H(z— Vi) = exp (—7? (5"' gRVty) (6.22)
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Figure 6.3: SAR phase history schematic. Antenna patterns are shown every fifth pulse.

The length of the antenna pattern J is notional. Nppgse is the total number of locations
where the phase history is recorded.

where 3 is the beam width in radians and R is the slant range. It is assumed that the
image is sufficiently resolved in range and that the azmithal swath can be described as SR.
The term (z — V't) is the distance on the ground between each phase history element, j, as
depicted in Figure 6.3, and the position of the platform or the beam center, which is given
as x = Vit or J/2 in the phase history.

Due to the motion of the platform, a Doppler phase shift is experienced across the antenna
pattern

D(z —Vt) =exp (z% (z — Vt)2> (6.23)

where £k is the electromagnetic wavenumber.

The scattering properties of the surface, including the effects of random surface motions, are

modeled as a complex reflectivity as

(Zl - ZO)T(xvyaj — 1) + W
71+ Zy

r(z,y,5) =r(z,y,1) + (6.24)

where r(z,y,1), Z; and Z, are

m,y,l):(zm,y))” g T Zozz(m-w),

2 aoy,(z,y)t, 2 ao,(z,y)

Here oy is the total RCS from equation 6.16, « is the non—dimensional Lorentzian bandwidth
scale factor taken as v = \/7/2, t, is the pulse duration, and W is a complex variable serving
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as a source of white noise with a random complex multiplier a + ib that changes for each
phase history element

_ Wao(a:,y) 12 a-i
W= (—% (I’y)tp) (a+ib). (6.25)

A Gaussian-like distribution has been used for the reflectivity with a center frequency of wq
and coherence bandwidth of o, as

/ 2
Wy = 2]6'0‘/; Oy — gi;}

Here, V, is the mean radial velocity of the surface current and o2 is the variance of the radial
velocity described by Lyzenga and Bennett [93] as

T ka
o? = / / gk (sin2 (6) cos? (¢) + cos? (9)) Sk, & Ykdkdg (6.26)
0 ki

where k; is the lowest resolved water wavenumber and ¢ is the angle between the wave
propagation direction and the view azimuth.

The received antenna pattern is passed over the complex reflectivity function in a fashion
similar to a convolution to form the SAR recieved signal as

s(hy)=> ) Zr (2,y,j) H (x = Vt)D (x — V1) (6.27)

y=1 z=1 j=1

where X and Y are the number of pixels in the x and y directions in the final SAR image
and [ is the azimuth location of the summed phase history elements within Nppase-

The processed signal is then convolved with a matched filter,

1 R o\’
phase phased x

This function is applied in the frequency domain as a multiplicative operation and an inverse
Fourier transform is taken of the resulting signal providing i(/, y). The final image intensity,
I(x,y), is retrieved as the square of the modulus of the processed signal,

J

. J
I(z,y) = li(l,y) 5 <1< Nohase = 5 (6.29)

where J/2 is the location of the first pulse in the total phase history and Nppese — % is the
location of the final pulse that covers the scene of interest.
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6.4 Computational Model

6.4.1 Domains and Meshing

The spectral density of wave action is solved on a 4D grid of the ocean surface: 2 dimensions
in space (x,y), wave number (K), and wave angle (¢). The limits of the domain are 0 < x <
20000m, —150 < y < 150m, 0 < ¢ < 2w, and 0.6 < K < 280. The spacial domain uses
constant spacing of 20 m in the x direction and 0.5 m in the y direction. The wave angle uses
12 equally spaced points and the wave number uses 24 points distributed on a logarithmic
scale due to the range being across several order of magnitude.

6.4.2 Numerical methods

The wave-action-balance equations are solved using a modified form of the ERIM Ocean
Model (EOM) ([93]). The code uses a modified upwind finite-difference method for the
advective and wave-current interaction terms. Here the spectral density is solved at fixed
wave number and spatial coordinates, termed as the action spectral density (A), to permit
use of a sweeping algorithm where each grid point is solved each iteration only if it had
not reached a converged state the previous iteration. Solutions are considered converged
once residuals are reduced to less than 107%. Also, to account for the need to resolve high
wavenumbers, 94/sk is solved as a perturbation function where A = A., + AA, where A,,
is the equilibrium value and AA is the difference from equilibrium. This modification is
required as the action spectrum falls off as K ~*° at high wavenumbers, which are of utmost
interest when simulating SAR response.

6.4.3 Initial and boundary conditions

The initial conditions for the wave-action balance solver are based on the hydrodynamic and
SAS redistribution simulations. The surface currents, SAS concentrations, and turbulence
dissipation rate distributions are mapped to the spacial grid using bi-linear interpolation.
The action spectral density is set to the equilibrium conditions at the spacial boundaries as
well as the ends of the spectral domain. Here the damping is limited to viscous damping,
given as 7, = 4vK?, damping due to ambient SAS (T/r, = 1), and damping due to ambient
surface turbulence.

6.4.4 Fluid properties and Instrumentation parameters

Damping of the short wind waves is calculated using a surface roughening wind speed of
2m/s to provide comparison with the SAR data reported by Milgram et al. [100]. Sea
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wavenumbers are set to the Bragg resonant values for L-Band (1.25 GHz), S-Band (3.1
GHz) , C-Band (5.3 GHz), and X-Band (9.6 GHz) to explore the variation with frequency.
An ambient surface turbulent dissipation rate of 1 x 107°m?/s? is used for the surface wake
simulations. This is based on a balance of available data. In addition to Wu et al. [160],
St. Laurent and Merrifield [137] provides mean dissipation rates with near surface values on
the order of 2 x 107" m?/s3. St. Laurent and Merrifield [137] also shows data over a two week
period with significant fluctuations in the near surface dissipation rate due to solar heating
where peaks of 1 x 107*m?/s* are observed during the day. Sutherland and Melville [141]
report measured values as high as 1 x 1072 m?/s® for higher wind conditions (17 m/s) where
significant wave breaking occurs. Dissipation rates for more moderate wind speeds (10 m/s)
are on the order of 4 x 107*m?/s® at a depth of 5 cm and decaying to 1 x 1075 m?/s? at
a depth of 1 m. As the majority of the turbulent dissipation occurs in the upper 5 cm of
the ocean boundary layer, the higher dissipation rates are primarily used here with a range
investigated to demonstrate the impact of the ambient surface turbulence.

The SAR instrument is simulated as traveling 500 km above the surface at a velocity of
7500 m/s. The instrument has a resolution of 2 m in both the range and azimuth directions,
which is consistent with modern space based SAR capabilities in spotlight mode and is
aggressive for a surveillance scan. An inclination angle of 50 degrees is used with a total of
10,000 bins considered in the azimuth direction and 100 bins in the range direction.

6.5 Results

6.5.1 Perfect SAR

First we explore the predicted perfect SAR returns. These are the expected returns without
limitations of the instrumentation or consideration of the operating conditions of the carrying
vehicle. Perfect SAR returns for the case of calm seas are shown in Figure 6.4 for a hh
polarization. The wake structure is nearly identical to the spectral density plots shown
in Figure 5.14. The outer wake bands strongly define the edges of the wake, while the
persistence of the center wake is diminished as the specular contribution and the randomized
ocean realization are included. Streaks of amplified roughness at the wake edge are still
observed on the windward side of the wake at L-Band. Wake widths of 120 m and 140 m
are predicted here at 10 km and 20 km downstream based on an RCS of -0.5 dB. Similar to
chapter 5, the structure of the wake is similar for conditions where the azimuth is along or
across the wake, expect for the case of L-Band. At low frequency, the direct modification to
the spectral density by surface currents and their gradients is the strongest influence on the
observable wake.

The same ship condition is shown with a vv polarization in Figure 6.5. The variation in
the wake is mostly observed as a reduction in damping of the centerwake. Reduction of
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Figure 6.4: Perfect SAR images (dB) at L, S, C, and X band with hh polarization at 50
degree incidence with the azimuth along (left) and across (right) the wake for a calm seas
condition.
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the damping in the edge bands is also observed at X-Band, while no significant variation is
observed in the edge bands for lower wavebands. These impacts are strongest for the case
where the azimuth is along the wake.

A fundamental assumption made is that the maximum resolvable wave length is shorter than
the nominal resolution. As resolution increases, the maximum long wave induced tilt angles
decrease with the decreasing wave lengths. This influences the impact of polarization on the
return. The tilt angle a effects both vertical and horizontal polarization, but considering
that a is assumed small compared with the incidence angle, its impact is small and is shared
by both hh and vv polarization. The out of plane tilt angle v, however only effects the
horizontal polarization scattering coefficient, introducing a variation in the return. Figure
6.6 shows the change in variation for maximum resolvable wave lengths ranging from 1-5m
at bkm and 15km downstream. The variation between vv polarized images is observed to
be much smaller than the hh polarized images. A change of less than 1 dB exists between
the use of Im and 5m maximum resolvable wave lengths for vv polarization at a downstream
distance of 5km . HH polarization exhibits a change of approximately 1.5 dB between 1m
and 5m resolvable wave lengths. Centerline damping is increased with increasing resolvable
wave length for both vv and hh polarizations, but all hh polarized cases showed greater
centerline damping than even the highest resolvable wave length with vv polarization. While
the bm resolvable wave length simulations do not satisfy the requirement to be less than the
nominal resolution (2m), they are shown here to reinforce the trend. At a distance of 15 km
the variation in the centerline image has reduced, while the impact on the edge bands has
increased. In the far wake (5km), the edge bands are mostly unaffected by changes in
resolvable wave length. At 15km, the 5m resolvable wave length cases show reductions in
the damping of the edge bands on the order of 3 dB.

The wake is also impacted by the wind speed, Figure 6.7 and direction, Figure 6.8. Conditions
of low wind speed (0-1 m/s) show amplified roughness on the windward side of the wake
compared to centerline in the far wake (5 km). As wind speed increases, the level of variation
between the windward and leeward sides decrease as well as the relative energy reduction in
the edge bands. In the persistent wake (15 km), regions of amplified roughness are observed in
the centerwake for low wind speeds where damping due to turbulence and surface currents
have dissipated. Higher wind speeds show relative ambient conditions through the wake
center with decreasing strength of the edge bands as wind speeds increase. It should again
be noted here that the current model does not account for reduced wind energy input in
regions where SAS is concentrated as discussed in chapter 5. Inclusion of this effect would
reduce the impact of higher wind speeds on the edge bands. It should also be noted that the
change in wind speed is only considered for its energy input to the small wind waves in the
wave action balance equation. Clearly, stronger sustained wind speeds would induce higher
wave amplitudes and in turn stronger LTC, which would have a significant impact on the
structure and persistence of the wake. The results shown here can be considered the effect
of a freshening wind over a relatively calm day.

Wind direction is shown to have less of an impact than wind speed for the conditions studied

120



Y Position (m)
Y Position (m)
o

3
80 2
60 i
40 o
20
-1
=2
-20
-40 2
-60 -4
-80 =5

02 04 06 08 i 12 14 16 18 2 0 2000 4000 6000 8000 10000 12000 14000 16000 18000
X Position (m) x10* X Position (m)

3
80 2
60 i
40 0
20
-1
-2
20
-3
-40
-60 -#
-80 -5

0 2000 4000 6000 8000 10000 12000 14000 16000 18000
X Position (m)

Y Position (m)
Y Position (m)
o

100 3
80 2
60 1
_ _ 40
E £ 0
< T O I~ 1
2 )
7 7 -2
& £ -2 « -
> -
Er 3
-60 -
-80 -5
-6
02 04 06 08 1 12 14 16 18 2 0 2000 4000 6000 8000 10000 12000 14000 16000 18000
X Position (m) «10* X Position (m)
100 3
80 2
60 1
_ . 40
E £ 2 ’
c = -1
2 20 s
Z 2 s
& £ -20
< .
E 3
-60 -4
-80 -5
-6
02 04 06 08 1 12 14 16 18 2 0 2000 4000 6000 8000 10000 12000 14000 16000 18000
X Position (m) x10% X Position (m)

Figure 6.5: Perfect SAR images (dB) at L, S, C, and X band with vv polarization at 50
degree incidence with the azimuth along (left) and across (right) the wake for a calm seas
condition.
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Figure 6.7: Impact of wind speed on perfect SAR images (dB) at S-Band with hh polarization
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Figure 6.8: Impact of wind direction on perfect SAR images (dB) at S-Band with hh (right)
polarization for distances of 5 km and 15km in calm seas with a wind speed of 2 m/s.

here, Figure 6.8. Conditions where the wind is at an angle across the wake shows the greatest
levels of centerline damping in the far wake (5km). Here the wind interfaces with the both the
transverse and axial currents such that the peak dampening is offset from centerline on the
leeward side of the wake. Conditions where the wind is orthogonal to the wake shows a similar
response where the roughness is amplified on the windward side and dampened on the leeward
side. The condition where the wind is along the wake shows the lowest level of damping.
This condition is symmetric about centerline. The edge bands are slightly impacted by the
wind direction, the impact is slight in comparison to wind speed. In the persistent wake
(15km), the impact on the wake due to wind direction is small. True et al. [149] highlights
the impact of wind direction on the wake 1000m downstream where SAS bands are not
considered and demonstrates relevant variation for a 9 knot wind speed. Additional data,
either numerical or experimental, are not provided for distances downstream, but the impact
on the near field at higher wind speeds at a minimum is highlighted.

The ambient turbulent dissipation rate at the surface is an area of uncertainty as discussed
in chapter 5. The relative RCS in the wake is taken using a range of dissipation rates in
Figure 6.9. As expected, the magnitude of damping in the edge bands and center wake is
increased with lower ambient surface turbulent dissipation. Relative damping in the center
wake is similar for ambient dissipation rates of ¢ = 1210* and ¢ = 12107° as contributions
of ship induced turbulence are lost into the ambient. At the lower value of ¢ = 221077, the
ship induced turbulence is high relative to ambient and shows a stronger manifestation of
the center turbulent wake. The edge bands are impacted as expected with reduced relative
damping with increasing ambient turbulent dissipation. At a distance of 5km the impact
shows variability of 3 dB between ambient values of ¢ = 221077 and ¢ = 1210~* and
variability of 2.5 dB at 15km. The structure of the wake is not impacted by the change in
ambient turbulent dissipation, but direct quantitative comparison with experimental data
would require an understanding of this environmental condition.
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Figure 6.9: Impact of ambient turbulent dissipation on perfect SAR images (dB) at S-Band
with hh (right) polarization for distances of 5 km and 15km in calm seas with a wind speed
of 2 m/s.

The other primary environmental condition that impacts the wake is the ambient SAS film
pressure/area. Cuts through the wake at 5km and 15 km downstream with ambient film area
ranging from 240-300 ¢m? is shown in Figure 6.10. The film area is not a directly measurable
quantity in an ocean environment, but is correlated to the film pressure through laboratory
evaluations of collected material samples. The film area is used here as it corresponds to
the level of SAS concentration (I' = 4o/4). In a similar fashion to the variations in ambient
turbulent dissipation rate, the structure of the edge bands are not impacted by the ambient
film area, but the magnitudes are. Variations greater than 2 dB are observed in the edge
bands over the range of film areas studied with higher levels of damping in the edge bands
with higher ambient film areas. Higher ambient film areas corresponds with lower ambient
film pressures and lower ambient damping due to SAS. Within the center wake, ambient
film areas of 275 em? and 300 cm? show similar results with close to ambient conditions.
Lower ambient film areas (250cm? and 240cm?) show areas of amplified roughness compared
to ambient. Here, SAS has been redistributed to the wake edges, significantly reducing the
levels of short wave damping. As the ambient film area decreases, the ambient SAS damping
increases, which leads to the higher relative RCS in areas where SAS has been removed.
Within the persistent wake (15km) the edge band with an ambient film area of 300 cm? has
reduced in magnitude to a level similar to the case with an ambient film pressure of 250cm?.
The SAS concentrations in the edge bands here have reduced to the point where the absolute
damping is partially a function of the ambient film pressure/area as discussed in chapter 4
and shown in Figure 4.3. At 5km the absolute damping in the edge bands is relatively equal
at S-Band for SAS concentrations around 3.

Next we consider the case where the ship is operating in following seas with wave amplitudes
between 0.5 m and 1.5 m, figures 6.11-6.13. In conditions of low wave amplitude (0.5 m), the
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Figure 6.10: Impact of ambient SAS film area (cm?) on perfect SAR images (dB) at S-Band

with hh (right) polarization for distances of 5 km and 15km in calm seas with a wind speed

of 2 m/s.

wake structure is similar to the case of calm seas with slightly wider edge bands (126m and
144m at 10 km and 20 km). As wave amplitude increases, LTC induce stronger transverse
surface currents, widening the width of the the edge bands. Wake widths of 144 m and 194
m are predicted here at 10 km and 20 km downstream based on an RCS of -0.5 dB for the
1.0 m wave amplitude. The streaks of amplified roughness observed in L-Band increase in
magnitude also due to the increased outboard surface currents. In addition, as the width
of the wake increases the transverse surface currents along centerline decrease with distance
downstream, leaving regions of SAS in the center of the wake as discussed in chapter 5. The
variation due to polarization is similar to that showed in calm seas. Perfect SAR images for
vv polarization are provided in Appendix C.

Finally, we examine the perfect SAR images for a ship operating in a head seas condition,
figures 6.14-6.16. Conditions of low wave amplitude appear similar to the calm seas condition
at L-Band, in particular when the range is along the wake. At higher wavenumbers, the
centerline streak becomes visible for distances beyond 8 km while the edge bands due to
surface currents induced by Reynolds stress anisotropy are strong and persist for the range
of study. As wave amplitude increases, the centerline streak strengthens and its formation
point moves forward into the turbulent near wake, while the edge bands weaken and are
pulled inboard.

6.5.2 Simulated SAR

Predictions of the simulated SAR returns are now explored for a space based system operating
at an altitude of 500 km. Images are generated with the azimuth both along and across the
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Figure 6.11: Perfect SAR images (dB) at L, S, C, and X band with hh polarization at 50
degree incidence with the azimuth along (left) and across (right) the wake for a 0.5 m wave
amplitude in following seas.
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Figure 6.12: Perfect SAR images (dB) at L, S, C, and X band with hh polarization at 50
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Figure 6.13: Perfect SAR images (dB) at L, S, C, and X band with hh polarization at 50
degree incidence with the azimuth along (left) and across (right) the wake for a 1.5 m wave
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Figure 6.15: Perfect SAR images (dB) at L, S, C, and X band with hh polarization at 50
degree incidence with the azimuth along (left) and across (right) the wake for a 1.0 m wave
amplitude in head seas.
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Figure 6.16: Perfect SAR images (dB) at L, S, C, and X band with hh polarization at 50
degree incidence with the azimuth along (left) and across (right) the wake for a 1.5 m wave
amplitude in head seas.
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wake with a reference value taken as the mean of the RCS along the first 1000 m of the
image edge. Predictions of the simulated SAR returns for calm seas are shown in Figure
6.17. The simulated SAR returns under these conditions are dominated by the damping
due to SAS in the persistent wake for wave numbers greater than L-Band. The damping
due to surface currents and turbulence is observed in the near/far wake, but any resolvable
structure is lost here. At L-Band, the near/far wake damping is evident, but the edge bands
are mostly lost. Similar returns are generated for conditions where the azimuth is along or
across the wake, but with distortions of the near wake due to the image windowing process.
Images with vv polarization are similar to hh polarization as the primary impact in Figure
6.5 was observed through the center wake, which is mostly washed out here. Images of the
vv polarized returns are provided in Appendix C.

Next, the simulated SAR returns for the ship operating in following seas are shown in Figure
6.18. Here we focus on the returns where the azimuth is along the wake with hh polarization.
Images with vv polarization are provided Appendix C. The structure of the wake in following
seas is similar to the case in calm seas with increasing width between the edge bands. As
wave amplitude increases, the streaks of amplified roughness become evident as transverse
velocity gradients increase. The near ambient conditions through the wake center in the
persistent wake are also evident where the LTC have moved sufficiently outboard to form a
region that is relatively quiescent.

Comparing across wake cuts of the simulated SAR images to the perfect SAR images high-
lights the variability in the wake due to the randomized ocean realization, Figure 6.19. Here
the areas of SAS damping are clearly observed, but determination of the wake structure with
only the isolated wake cuts would not be possible here due to the high levels of variability.
Determination of the wake width here would prove difficult as regions of reduced RCS are
also observed on the edges of the domain at 5 km and on one side at 15 km.

Finally, the case of the ship operating in head seas is examined. At low wave amplitude
(0.5m), L-Band shows attenuation in the near/far wake with minimal resolvable features
in the persistent wake. As discussed in 5, the wake here is less persistent than the case
of calm seas. With increasing wave amplitude, the L-Band return shows a pair of narrow
bands, approximately 40m in width, into the persistent wake. The case of calm seas showed
edge bands approximately 110 m at 10km downstream and 140m at 20km downstream. At
S-Band, the wake at low wave amplitudes strongly resembles the return for calm seas with
slightly lower wake widths. Wave numbers of C and X-Band begin to show the formation of
the centerline streak in the persistent wake, signifying a head seas condition.

Techniques that use SAR images of ship wakes to classify the source would significantly
under predict the ship size while using purely an L-Band return in head-seas conditions.

Comparison to cuts across the perfect SAR image for the 1.0 m wave amplitude case is
similar to the case of following seas. The SAS streaks are observable amongst the clutter
with low RCS values again appearing on the wake edges at 5 km and on one side at 15
km downstream. The strength of the centerline damping is highlighted even beyond that
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Figure 6.17: Simulated SAR images (dB) at L, S, C, and X band with hh polarization at 50
degree incidence with the azimuth along (left) and across (right) the wake for a calm seas
condition.
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Figure 6.18: Simulated SAR images (dB) at L, S, C, and X band with hh polarization at 50
degree incidence with the azimuth along the wake for a following seas with 0.5m (left) and
1.5m (right) wave amplitudes.

134



RCS (dB)
RCS (dB)

’ -100 —55 (; 56 100 -100 —5‘0 0 56 100
Y Position (m) Y Position (m)
Figure 6.19: Comparison of simulated SAR return and perfect SAR return at S-Band with
hh polarization at 50 degree incidence with the azimuth along the wake for following seas
with a 1.0m wave amplitude at distances of 5 km (left) and 15 km downstream. Simulated
SAR images are averaged over 10 m windows across the wake.

predicted by the perfect SAR return and the edge are also observable into the persistent
wake.

6.6 Comparison with Experimental Data

During the 1989 ONR Field Experiment [115] wake widths were measured in the wake of
the USS Chandler (DDG-996) based on the distance between SAS edge bands measured by
a smaller research vessel transiting across the wake. Wake widths of 150 m and 170 m were
measured at distances of 10 km and 20 km behind the ship during 25 knot runs in seas
coming from the stern quarter (following seas), Figure 5.26. Perfect SAR predictions here
show these widths to correspond well to conditions with wave amplitudes between 0.5-1.0
m. It is again noted wake widths in calm seas, without LTC, predicted wake widths much
less than those observed in the experiment, highlighting the complementary nature of LTC
and near surface Reynolds stress anisotropy induced currents.

SAR imagery of the wake was also processed by Milgram et al. [99] at L. and C-Band and
averaged over 12 m windows, Figure 6.22. Similar to results from chapter 5, perfect SAR
returns at 3.5 km show damping through the wake center of 2.5-3 dB at L.-Band in good
agreement with Milgram et al. [100]. The damping due to SAS along the edge bands at
L-Band though are again under predicted due to the roughness amplification induced the by
strong surface current gradients. Incorporation of a wave energy reduction model to account
for the reduction in friction velocity in areas of SAS concentration would help in locally
reducing the wind energy input in these areas. In addition, further study into the impact of
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Figure 6.20: Simulated SAR images (dB) at L, S, C, and X band with hh polarization at 50
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Figure 6.21: Comparison of simulated SAR return and perfect SAR return at S-Band with
hh polarization at 50 degree incidence with the azimuth along the wake for head seas with
a 1.0m wave amplitude at distances of 5 km (left) and 15 km downstream. Simulated SAR
images are averaged over 10 m windows across the wake.

SAS on surface currents induced by near surface Reynolds stress anisotropy in line with work
accomplished by Anthony et al. [9] would further improve model prediction capabilities.

Comparisons to C-Band show similar agreement through the wake center, but the predicted
damping in the edge bands is greater than that in the measured data. It should also be
noted that the model of Milgram et al. [100] also over predicts edge damping in C-Band.
The predicted reduction in SAR intensity in the edge bands in Figure 6.22 is limited to
-2 dB at C-Band. Milgram et al. [100] later decrease the lower limit to -3 dB at C-Band
and observe the edge bands to also be capped by this limit. No attempt is made to find
the actual lower bound of the model as it is commented that no regions in the experiment
showed depressions of SAR intensity greater than 3 dB. No significant change was observed

L—BAND
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Figure 6.22: SAR image intensity measured 3563 m behind the ship at L-Band (left) and
C-Band (right) from Milgram et al. [100]. Data was averaged over 12m across the wake.
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Figure 6.23: Radar backscatter measured in the wake of USS Quapaw approximately 1km
downstream during the 1983 U.S.-Canda Joint Ocean Wave Investigation Project (JOWIP).
(Lyden et al. [88])

by decreasing the lower limit of the L-Band prediction. Milgram et al. [100] comments that
it is unclear if these measured results are accurate at C-Band or if the recorded energy levels
are impacted by the background noise. It should also be noted that the film pressure values
used in Milgram et al. [100] were set to 12mN/m based on the experimental data. Peltzer
[115] notes that the oils used to measure higher values of surface tension reduction were
not operating properly, limiting the maximum measurable reduction in surface tension to
12mN/m. The actual peak of surface tension reduction was found to be some value between
11.3mN/m and a value greater than 27.2mN/m. These peak film pressures would be more
in line with the levels of SAS concentrations predicted here.

Variations in the SAR data of approximately 0.5 dB was measured in Figure 6.22. The scatter
in the simulated SAR data predicted here significantly exceeds this observed variability and is
more in line with that measured during the 1983 U.S.-Canda Joint Ocean Wave Investigation
Project (JOWIP), Figure 6.23 [89]. Improvements in the prediction of the ocean realization as
well as methods of image processing would reduce this variability and improve the simulated
SAR images.
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6.7 Conclusions

A model for predicting the SAR return of a surface ship wake has been presented here. The
model is based on a composite approach where Bragg scattering accounts for the small scale
structure and a specular component accounts for the larger scale wave structure. Two pri-
mary results are generated, the perfect SAR image and the fully simulated SAR image. The
perfect SAR image is the result when limitations of the SAR instrument are neglected, while
the fully predicted SAR image simulates the full SAR process from signal reception through
image processing including the range and speed of the instrument. The perfect SAR images
show good agreement with the structure of observed wakes along with good quantitative
agreement over several important areas such as damping of the centerwake region by turbu-
lence and surface currents and the measured growth of the wake width. Damping due to SAS
tends to be over predicted compared to C-Band data. This is attributed to several factors.
First, the SAS redistribution model neglects any sources/sinks and allows surface currents
to redistribute until a steady state condition is achieved without consideration of significant
sources of diffusion. Secondly, surface currents induced by Reynolds stress anisotropy have
been shown to be reduced in the presence of surface films. Areas of peak near surface turbu-
lence occur in areas where the ambient SAS has been redistributed, reducing any reduction
in the induced surface currents, but this may potentially be offset by the inclusion of sources
of SAS in the model. It is unclear if the SAR data at C-Band was accurate as the authors
questioned its values, but the above model modifications would still provide improvements
to the predictions made here.

Predicted SAR returns show the primary wake structure, but the majority of center wake
features are lost due to the scatter in the predictions. This excessive scattering is due to a
combination of the randomized ocean realization and the image processing methods incor-
porated in the model. It is recommended that prior to extensive use of the SAR simulation
model, an improved method for processing the SAR data is incorporated. The use of the per-
fect SAR model provides insight into the future detectability of the wake as instrumentation
and signal processing advance. As such, further additional research is warranted. Inclusion
of SAS in the hydrodynamic simulation will improve both SAS concentration predictions as
well as surface current predictions. Inclusion of improved ambient environmental conditions
such as TKE and dissipation rate vertical profiles to go along with distributions of SAS,
temperature, and salinity within the water column would improve simulated distributions of
surface SAS and currents. Incorporation of a wind-energy input reduction over areas of SAS
potentially based on the work of Mitsuyasu and Honda [103] will also improve predictions.
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Chapter 7

Conclusions and Future Work

7.1 Summary

A range of mechanisms responsible for features observed in remote sensing imagery of surface
ship wakes have been discussed. The focus has been placed on mechanisms that would exist
across ship types as some previously suggested mechanisms have been shown to be highly
ship dependent. The application of the Craik-Leibovich vortex force has been shown to
generate large scale circulations in the wake of the ship due to the interaction of the ship
induced vorticity with an ambient wave field in a similar fashion to Langmuir circulations
and are hence called Langmuir-type circulations (LTC). LTC have been shown to generate
surface currents on the order of O(1 cm/s) well into the persistent ship wake. These surface
currents have been shown to compact surface active substances (SAS) into streaks in the
wake that are capable of damping the short wind waves and form the dark streaks that are
often observed in SAR imagery. It was shown that the structure of the persistent wake is
partially a function of the angle between the relative ship heading and the ambient wave
vector. In the case of a ship operating in following seas, twin streaks are predicted to form
as the often observed "rail-road” track streaks. In the case of operating in head-seas, one
or three streaks may appear depending on the relative strength of the LTC and the initial
film pressure of the ambient SAS. For all but lightest of sea states, a strong centerline streak
forms while the two outboard streaks are highly dependent on the ambient environmental
conditions.

In addition to LTC, persistent surface currents have been shown to form due to near-surface
Reynolds stress anisotropy. Walker et al. [156] showed that surface currents would be in-
duced due to gradients in the Reynolds stresses that are forced by the free surface boundary
condition. As the surface is approached, the vertical velocity fluctuations are damped and
their energy is redistributed to the horizontal components. This redistribution induces mo-
mentum gradients that are ultimately responsible for the formation of the transverse surface
currents. A modified form of the k-¢ turbulence model has been incorporated that redis-
tributes the vertical Reynolds stress to the axial and transverse directions using a form of
a non-linear wall-reflection term from the pressure-strain correlation in full Reynolds stress
transport models. Good agreement with experiment was achieved using the model to sim-
ulate laboratory scale near surface jets. Implementation of this turbulence model into the
ship wake simulations demonstrated that this effect is also capable of generating currents
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sufficient to compact SAS into the persistent wake even in the case of calm seas.

The combined effects of LTC and near-surface Reynolds stress anisotropy have been demon-
strated to play complimentary roles in the formation of the persistent wake structure where
individual components under predict experimental wake width measurements, but the com-
bined effects provide good agreement.

The short wave damping effects of turbulence and the direct modification effects of surface
currents have also been incorporated into the far and persistent wake model. It has been
shown that turbulence plays a significant role in the far wake as the short waves are damped
across the wake center while ship induced turbulence remains strong. Direct modification
of the surface roughness by transverse velocity gradients has also been shown to play a
key role in the near/far wake. In regions where velocity gradients are positive, surface
smoothing is observed, while negative gradients amplify surface roughness. In the near/far
wake turbulence and surface currents have been shown to also complement each other in
the damping of the center wake. As ship induced turbulence and currents decay, streaks
due to compacted SAS transition into the rail-road or thin centerline wake depending on
environmental conditions and relative ship heading.

In addition to the importance of ambient film pressure, the physical properties of SAS have
been shown to be highly variable for different parts of the world and even for the same
location on different days. Changes in SAS properties impact the relative level of damping
that is achievable with varying SAS concentration levels. This would signify that the same
ship at the same operational conditions would generate different damping magnitudes in
the wake for various locations/times. Ships operating in following seas have shown to be
relatively insensitive to the environmental conditions as far as the structure is concerned,
but head seas conditions are highly sensitive to both the environmental and operational
conditions.

Finally, a model for the prediction of SAR returns has been demonstrated with two outputs:
perfect SAR and simulated SAR. A two-part composite approach is taken where the impacts
of the short wind waves are accounted for through Bragg scattering and the long waves are
accounted for through a specular component. In the case of the perfect SAR, the ocean
realization is accounted for through a modification to the total radar cross section (RCS) by
the gradient of the total RCS with respect to the inclination angle. The randomized change
in local surface height across each resolution pixel modifies the inclination angle and in turn
induces a level of randomness into the perfect SAR images. The impact of polarization is
also included with the perfect SAR images. It was observed that relatively small variations
were induced by the change in polarization and were localized to the wake center. The
structure of the wake due to turbulence/surface current gradients in the near/far wake and
SAS streaks in the persistent wake was not impacted by the polarization. Here the influence
was limited to the magnitude of damping/roughness amplification in the center wake with
small impacts on the amplitude of SAS damping. Impacts due to wind speed and direction
were also analyzed. The impact due to wind direction was found to be small here, but
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with the assumption that the wind direction would not impact the ambient wave field. In
reality, the wind-wave vectors are usually in the same direction, but the effect was studied
here for completeness. The magnitude of the wind showed a stronger influence on the wake.
Again, here it was assumed that the magnitude of the wind did not directly correspond to a
change in the ambient wave amplitude such as a condition of a newly freshening wind on an
otherwise calm day. The magnitude of the wind was shown to impact the symmetry of the
wake. At low wind speeds, amplified roughness was observed on the windward side of the
wake with higher smoothing on the leeward side. As wind speed increased, wake symmetry
increased signifying that the energy input by the wind became greater than that due to the
surface current gradients. The structure of the edge bands was not impacted by changes
in wind speed or direction, but magnitude of relative damping was reduced with increased
wind speed as the ambient RCS levels rose.

The fully simulated SAR images showed significant levels of scatter such that the majority
of any detailed wake structure was lost. The near/far field damping due to turbulence and
surface current gradients remained observable and the streaks due to SAS also remained
observable, but transitions became difficult to identify. Also, L-band returns were mostly
limited to the near/far wake damping due to turbulence/surface current gradients with edge
bands mostly lost to the clutter. Overall, it is recommended that use of these models be
limited to the perfect SAR until limitations of the simulated SAR model are addressed.

7.2 Model Limitations

Streaks of amplified surface roughness have been predicted to occur in the region just out-
board of the strong turbulent damping, but inboard of the SAS streaks. These areas of
amplified surface roughness were not observed in the SAR data from the experiment. In this
region, the model shows that SAS has been redistributed to the wake edges, reducing the
damping directly in the area of the largest negative surface gradients, leading to these areas
of amplified roughness. During the 1989 ONR Field Experiment it was observed that surface
tension was usually similar to the ambient conditions everywhere not in the streaks of com-
pacted SAS. A few cases in the experiment were observed where the ship did pass through
an ambient SAS slick, but SAR data was not collected in these conditions. The current
model assumes the ship is operating in an ambient SAS field that is then redistributed with
no sources or sinks of SAS in the redistribution model. As the spectral density is measured
relative to the ambient condition, the areas inside the wake where SAS concentrations are
less than 1 due to redistribution into the SAS bands, predict roughness amplification in the
persistent wake once the ship induced turbulence and surface currents have decayed. The
experimental results would suggest in most cases that the redistributed SAS is replaced by
SAS coming up from the water column to maintain a close to equilibrium condition with the
ambient environment.

The current model assumes a one-way coupling between the hydrodynamics and SAS redis-
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tribution. Anthony et al. [9] and Shen et al. [127] demonstrate the presence of a surface
film would reduce the levels of Reynolds stress redistribution due to the elasticity of the
film absorbing some amount of the turbulent velocity fluctuations and also supporting shear
stress at the surface, modifying the zero-stress boundary condition. This in turn reduces
the formation of transverse surface currents in the near surface jet wake in regions with
the surface film. This would impact the magnitude of surface currents and hence both the
surface current gradients, which directly modify the surface roughness, and also the SAS
concentration ratios. It is noted that the initial passage of the ship and LTC in following
seas would act to redistribute SAS away from the wake centerline, reducing the surface film
concentration in way of the strongest levels of near surface turbulence and in turn reducing
any reduction in Reynolds stress redistribution.

The presence of surface films has also been shown to reduce the transfer of energy from the
wind to the waves due to a reduction in the friction velocity [103]. Currently no mechanism
has been implemented to account for this reduction in wind energy input.

The levels of variability in the full SAR predictions are also a limitation of the current model.
Scatter on the order of several dBs is observed even in the case of calm seas with low wind
conditions. These results are believed to be due to limitations in the data/image processing
model.

7.3 Future Work

There are opportunities for continued work in several areas to improve the models presented
here. First, the inclusion of SAS into the hydrodynamics model is recommended. This
inclusion will provide an improved method for establishing the distribution of SAS on surface
after the passage of a ship where SAS is able to be transported to the surface through
scavenging by bubbles and surface currents. The model should include the ability for SAS to
be adsorbed to the surface and redistributed by surface currents with realistic distributions
of SAS within the water column. The model should also consider the impact of a surface
film on the redistribution of near surface Reynolds stresses. Additional experimental data is
most likely needed here to establish the impact of a surface film at low Froude numbers. The
relationship between film pressure and Reynolds stress redistribution would also need to be
established. Shen et al. [127] have conducted DNS studies of this effect, but for Reynolds
numbers several orders of magnitude less than full scale.

Second, the inclusion of a model to account for reductions in wind energy input in areas of
surface films should be added. A reduction in the boundary layer friction velocity due to the
surface films would reduce the wind energy input and also aid in reducing areas of amplified
roughness where SAS had been redistributed.

Third, improved methods of image processing should be incorporated into the simulated
SAR model. Methods currently implemented are based on capabilities from the early 1990’s.
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Significant advancements in image processing have occurred since these methods were de-
veloped.

Forth, stratification of the water column should be considered. The current simulations
assume the ship is operating fully within the mixed layer. This is not a limitation of the
model, but was a simplifying assumption to isolate the influences studied here. Distributions
of temperature, salinity, turbulent kinetic energy, and turbulent dissipation rate should be
included in future simulations to include the impacts of internal waves on the wake.

Finally, the need for modern experimental data to provide model validation can not be
overstated. Ideally, full scale data would be collected where all relevant environmental pa-
rameters are recorded such as wind speed and direction, wave amplitude and length, ambient
SAS properties and turbulence quantities both at the surface and within the water column,
and distributions of temperature and salinity within the water column. Experiments would
measure surface tension in the wake as well as surface and subsurface currents. Overhead
SAR imagery would be taken for ships operating in calm, head, and following seas with
measurements of the surface and submerged conditions taken. Relevant findings would also
come from model scale tests of the surface and submerged velocity profiles in the ship wake
where the ambient wave conditions could be accurately controlled and wall wave reflections
could be minimized. These tests could provide validation data on the formation of surface
currents due to LTC and near surface Reynolds stress anisotropy. The inclusion of fans could
also simulate a wind roughened surface to provide data on the impact of surface currents
and surface current gradients on roughness modification.
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Appendix A

Derivation of the Craik-Leiboich
Vortex Force

A.1 Introduction

The formation of Langmuir circulations due to interactions between wind currents and am-
bient surface waves has been understood since the 1930’s (Langmuir [82]). A theoretical
explanation of the phenomena didn’t arise, however, until Craik and Leibovich [27] where
the mechanism for formation of circulations due to the interaction of vorticity generated
by the wind and surface waves was first described by the Craik-Leibovich (CL) equations.
This mechanism was then referred to as the Craik-Leibovich vortex force. The CL equations
were originally developed based on perturbing and time-averaging the vorticity transport
equations over intervals that are long relative to the dominate surface wave period, but
short relative to the time-scales required to develop the driving surface waves. This original
derivation, however, was somewhat restrictive as it required a specific ordering of pertur-
bation effects and the use of multiple time-averaging scales. Simultaneously, Andrews and
Mclntyre [6], developed a mathematical model to describe the Generalized Lagranian-Mean
(GLM) flow. The GLM provides a method for exact representation of wave, mean-flow in-
teractions and the effect that oscillatory perturbations have on the mean flow. Leibovich
[86] shows how the CL equations can be derived using the GLM in a more direct and less
restrictive manner than originally presented.

Here the derivation of the mean flow equations through the use of the GLM is demonstrated
based on the method of Andrews and Mclntyre [6]. An introduction to the Stokes drift
and its application to the mean-flow equations is presented with the derivation of the CL
equations following.

Significant intermediary steps were omitted in the original formulations of both the mean
flow and the CL equations, but are provided here to form full and complete derivations of
each.
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A.2 Generalized Lagrangian Mean

The Generalized Lagrangian Mean (GLM) is introduced by Andrews and Mclntyre [6] and
the process here will initially be outlined in the most general sense.

Defining a real-valued tensor field ¢(z,t) and a perturbation based particle displacement

field £(z,t), the Lagrangian-mean operator ( ) is defined as the mean taken relative to the
perturbed position, Z(z,t) = x + &(x, t), such that

L =
oz, t) = o {=,t}. (1.1)
&(z,t) is defined as a perturbation based quantity, requiring that
&(x,t) = 0. (1.2)

—_

Defining a Lagrangian-mean velocity, u’ = u(Z, t), the Lagrangian-mean material derivative
can be written as

D (¢) = % +al - Ve (1.3)
Using the notation ¢%(x,t) = ¢(Z,t) it follows that
D) = uf (1.4)
and
D @) =u (1.5)
where u! is the Lagrangian disturbance velocity, written as
ul(x,t) = u® —u*. (1.6)
Taking consideration of (1.2), (1.5), and the mean operator identities
o = ¢, (1.7)
o+ =0+, (1.8)

the Lagrangian disturbance velocity, u!, can be shown to truly be a perturbation based
velocity as

ul =

+al - gE=0 (1.9)

SIS

and o
at = s, (1.10)

Further application of the GLM notation provides several important corollaries:

qu L_—L—L
(25 e 0

and
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A.3 Stokes Correction

The relationship between the Generalized Lagrangian-mean and the Fulerian-mean descrip-
tion is the Stokes correction, defined as

B (x,t) = & (x,1) — b(x, 1). (2.1)

Assuming perturbations (£) are of small amplitude, Taylor series expansion of the general
transformation provides

_ 1 _
=0+ +E&b,+ §£j5k¢,jk +0(&%) (2.2)

where ( ); = %. Considering ¢ = ¢ + ¢' and averaging (2.2) provides

—s 1
Qb = équfj + §§j§k¢7jk + O(§3)' (2~3)
noting that (1.1) shows that @f = aL. Replacing ¢ with u, the Stokes drift is written as
R 1——
= fjufj + iﬁjﬁkﬂﬁjk + 0(53) (2.4)

The Stokes drift provides the relation between the mean Eulerian and mean Lagrangian
velocities

ul =u+u’. (2.5)

Assuming monochromatic, irrotational waves in deep water, the velocity potential is de-
scribed by Phillips [119] as

w
© = Eaek’zsin (kz — wt), (2.6)
where k is the wave number, a is the amplitude of the surface waves, g is the acceleration of

gravity, and the flow satisfies the deep water dispersion relation, w = y/gk. The perturbation
can then be described as

such that
& = —aesin (kx — wt)

and

¢, = aecos (kx — wt).

Evaluating u/; in (2.4) as (%) ;» the Stokes drift, to the first order, can be related to the

ot
s _ . (98
u’ =& (—&)J. (2.8)
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Using the relations of (2.7), the Stokes drift can be described as

al'it aCCZ
U = (Sz 21; +§z gt7 )7

which after substitution and reduction gives

u’ = wka? [sin? (kx — wt) + cos? (kx — wt)]. (2.9)

Further reducing (2.9) and substituting w = y/gk provides the form of the Stokes drift used

in this analysis as
@ = (ka)? \/%e%é (2.10)

A.4 Mean Flow Evolution

In order to derive an expression to describe the evolution of the mean flow, Andrews and
Meclntyre [6], apply the GLM to the conservation of momentum equation

Du, b 10P
PU Lo k) + = 4 298
Dt 202 x u)j * Oz, * p Ox;

+X; =0, (3.1)
where 2 is the angular velocity of a rotating reference frame, ® accounts for gravitational
and centrifugal forces, p is the fluid density, P is the pressure, and X allows for additional
contributions such as dissipative forces. This analysis assumes that gravitational and cen-
trifugal forces are negligible and that the flow is incompressible with constant density. The
equation that governs the mean flow evolution for this analysis is obtained by multiplying
(3.1)¢ by Z; and averaging. Taking the first term and applying (1.8) gives

_ Du; \* —
:‘ji (7;) :Zj7iD (U,Jg) (32)

Moving =;; into the Lagrangian mean material derivative on the RHS and expanding gives

=L (= S .
D" (Sjiu) = =5~ + 1" v (S0°)
0, O Ou 0=,
= Ujg J> + Eji J + UL Ej 7;—] + Ujg S .
ot Tot ’ (9.7:1 6331

Distributing " and rearranging provides




This can be further rearranged to give

D (:j,iuj ) = Uj + Uj (U . v:j,i) + i A, —+ -y (U . Vuj ) ,
ot ot
which reduces to . ., :
D (Ejﬂ»uf) = Ung E]‘ﬂ‘ + Ej,iD (UJE) . (33)
Plugging (3.3) into (3.2) provides
— Du] ¢ —L I3 f_L'—‘

Expanding the final term of (3.4):

_ 00=, , 0 (0%
cpl= 6| L9 L J
Ut =g = [at oz " oz (axi)}

Bringing u” into the partial derivative and rearranging gives
ging g

_ 0 05, 0 [ ,0%,\ oOuoE,
,&DLE, RN 3 It AN R 77 St R dind St/ B
i [8@- ot o (“k ax) oz, 8@}

Plugging this into (3.4) provides (B1) from Andrews and Mclntyre [6],

_ ou; \*  —r _ — I o
Eji <8—tj) = D" (5ju*) — us® {(D :j) = uﬁ,i:‘jak] : (3.5)

X3

Using (1.4) and the definition of the perturbation position, the RHS of (3.5) can be written
as (B2) in Andrews and McIntyre [6],

—L _
D™ (85 + &) wst] —wy® (w;®) , + s (G + &) s (3.6)

Recalling (1.6) and averaging, the first term on the RHS of (3.6) becomes

EL [Ujl + Ujlfj,i + ﬂjl-' + fmﬂL} .
Applying (1.2), (1.7) and (1.9), this is simplified to
EL |:Ujl£j,i + UjL] . (37)

The term p;°, which will later be referred to as the first term of the pseudo-momentum per
unit mass, is defined as
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Plugging (3.8) into (3.7) and moving u;* into the partial derivative of the second term in
(3.6), (B4) of Andrews and Mclntyre [6] is written as

— =L —L ,_ 1— o
2D (u;€) = D" (uj —p}) — §(Ujguj5),¢ +ay, (g —py) - (3.9)

Taking the second term of (3.1)¢, multiplying by Z;;, averaging, and applying (1.5) and (1.6)
gives

9% i smn it = 26 jmn (81 + €;.) (aﬁ n ﬁLgn). (3.10)

Expanding the RHS gives

2€jmn Qi 5jiEL§n + 8k + fj,iELfn + szﬂﬂ .

Considering (1.2), (1.7), (1.8), (1.9), and simplifying provides

2Ej,i€janmun£ = 2€janm [ﬂ,,[{ + fj,iELgn} . (311)

Bringing ELfn in the second term of (3.11) into the partial derivative of &;; allows the second
term to be written as

—L —L —L
2€janm£j,iD én = 2€janm (gj,iD gn - gj <D fn) z) . (312>
The second term on the RHS can be expanded as

— 0 ¢,

Further expanding the final term and rearranging gives

0 (0&, _
gj |:§ <a$,> + uqu (fn,i)ﬁ' + gn,pu;]},i:| )

which can be written as .
& (D" (€0) + Thibns)
Plugging into (3.12),
—5 —L —L By
2€janm§j,iD gn = 2Ejmngzm |:€] <D §n> ; - g]D gn,i - u;ﬁifjgn,p:| .

Interchanging j and n in the middle term, changing its sign, and adding half the LHS to half
the RHS gives

—L —L —L —L I
26janm§j,z’D gn - 6janm |:§] (D 571) ; + gj,iD gn + gnD gj,i - ugl;:igjgn,p:| )
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which can be reduced by considering (1.5) and the chain rule to

—" —— =L 7
265D n = EjmnQin |Gu) ; + D" (Giika) = T iénn) (3.13)

Defining

P’ = —e;mn8dn&; i€ = =& (2 X f)j (3.14)

and considering

(3.11) can be written as
2 ijmn Sttty = 2 (2 x @), — (v 2 xE) —D'p? — 7l (3.15)
The third term of (3.1) is neglected in this analysis, while the fourth term can be written as
_
Eji (%PJ) = %(Pg),i- (3.16)
Assuming constant density, as done by Leibovich [86], and recalling (1.10), (3.16) can be

written as -
1\ 1=
Zji (—Rj) = -P.. (3.17)
P p

The final term can be written as (B8) in Andrews and Mclntyre [6]:

— ~L T~
X0 = (0 + &) (XM + XD = X+ X (3.18)
Combining (3.9), (3.15), (3.17), and (3.18) provides (1) of Leibovich [86]:
Dy (@ —p) + 7k, (@f —p) +2(Qx @), + 1+ X+ &, X, =0 (3.19)

where,

1= 1
Py §u§u5 + (2 xE) - us.
)

A.5 Craik-Leibovich Vortex Force

The derivation of the Craik-Leibovich (CL) vortex force begins with the equation governing
mean flow evolution, (3.19). Andrews and McIntyre [6], in their derivation of the mean flow
equation, introduced the wave pseudo-momentum per unit mass, p, defined in its full form
as

pi(@,t) =~ [ujl +(@x8),l. (4.1)
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Assuming Q = 0, as done by [86], p reduces to

Applying (2.28) of [6], ¢' = ¢ + &b + O (£2), (4.2) can be written as
pi = =& (U + &+ O (€2)). (4.3)

Expansion of (4.3) gives

15—
Swapping the partials in the first two terms provides
1——
Comparison of (4.4) with (2.4) readily shows
pi=u"+0(&). (4.5)

Considering (4.5) and (2.5), u’ — p can be replaced with @ in (3.19) . Assuming Q = 0,

(3.19) can be written as
—L

D; (W) +ug,; (W) + 7 = V. (4.6)
where
B v
p 2
and V; accounts for viscous dissipation. Expanding the first two terms in (4.6)
ot + U 4 g+ T = Vi (4.7)

ot

Bringing uy, in the third term into the partial derivative, the middle two terms on the LHS

become
L

I —L— _ —L (= — — L
T U+ U = T (U — W) + (T75)
Applying (2.5) and expanding produces
Uyl + Wty — Uyl — 05"y + (85 +5) @+ uy (3 +35) ;-
Observing that the four center terms cancel, this reduces to
Uyl g + U5t 5 + Uyl + Ul
Bringing %; in the final term into the partial derivative, applying the chain rule, and rear-
ranging gives
Uy (U g+ Ujq) + 05 (Ui g — W) + (Wy°) , =0 - yu—a° x (v xa)+v(a-a°). (4.8)

Applying (4.8) to (4.7) gives

where u* x (7 x u) is the Craik-Leibovich vortex force.
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Appendix B

Theoretical model for a
surface—combatant wake

An empirical-analytical representation of the wake one-half ship length downstream, Figure
3.1, is established based on a formulation similar to [102]. This model includes resistance
contributions from the ship’s hull, wave breaking, and rudder; in addition to the thrust
current and swirl from the propellers. The total axial velocity in the wake is described as
u = u,— (uy + wy + u,), where uy, is the thrust current from the propellers, uy is the velocity
deficit due to the frictional resistance of the hull, u,, is the manifestation of the wave making
resistance in the axial velocity profile, and wu, is the velocity deficit due to the resistance of
the twin rudders.

The ship’s frictional drag current is approximated as a double Gaussian profile of the form

+03B\° [ 2\’
(—y ) + (—) D , (B.1)
Yn Zh
where U pq, is the maximum value of the velocity deficit due to the ship’s frictional resistance
at the initial data plane, B is the ship beam, y, and z;, are the half widths of the initial
wake, and @ = 2.6 based on experimental data from [112]. This profile was adjusted relative

to the standard Gaussian profile provided by Miner to more closely match the experimental
data reported by [143].

U = UFmag €XP (—3.5&

The maximum value of the frictional velocity deficit, upmqz, is found based on

alUySC
Upmas = 202 (B.2)
TYnZh
where C; = —L297 5 the coefficient of frictional resistance described by the ITTC-1957

(logyo(Re)—2)
correlation, Re is the Reynolds number, S is the wetted surface area, and Uy is the ship’s

velocity.

Due to the presence of the free surface, the wake half widths are estimated independently.
The lateral length scale is approximated as an axisymmetric wake:

1
x—xor

yhzecal 7

(B.3)
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where 6 is the momentum radius, g is the virtual origin of the wake, x is the location of
the initial data plane, and cs is a scaling constant. The initial data plane is taken x/L
= 0.5 downstream of the transom to allow sufficient distance for the wake to reach nearly
self-similar conditions.

The momentum radius for an axisymmetric wake as shown by [107] is
1
0 = g(JDB2 (B.4)

where C'p is the drag coefficient. In this analysis, Cp = Cfb% is the frictional resistance
non-dimensionalized by a reference area of B2 The virtual origin is then solved via

20/0 = (%) (B.5)

where v = 0.5 and ¢s = 1.14 based on high Reynolds number data reported by [70]. Assuming
the same virtual origin for the horizontal and vertical wakes, Miner provides the ratio of scales
as yn/2zn = 2(B/(2D))% where D is the ship draft.

The turbulent kinetic energy (TKE) of the ship’s drag current exhibits a double peak, cor-
responding to the production of turbulence in the boundary layer on either side of the hull.
Miner modeled the TKE as

2 2 2 2
e @<l )
Yn Zh Yn Zh
(B.6)
where k,,q. is the peak value of the turbulent kinetic energy, a; = 1.35, as = 1.0, az = 0.45,
and dy = 8.22. Miner solves for k0 as v kmaz/UFmae: = 0.3. A portion of the wave-making
resistance is also manifest in the velocity deficit based on formulation similar to Miner. Here

the wave—breaking contribution to the velocity profile is estimated as

[ {( P )2 (y:l:O.6B)2}
Uy = UWmaz €XP | —60 — + |
Zhw Yhw

where Uy mqe 18 the maximum value of the velocity deficit due to wave breaking, and .,
and zp, are the half widths of the wave-breaking wake. The maximum velocity deficit is
calculated based on

, (B.7)

aRwave

TPU0Yhw Zhw
where R4 is the wave making resistance of the hull based on the experimental data of
[110].

(B.8)

UWmaz =

The ship propellers are modeled as thrust currents with swirl with an axial velocity profile

given as
2
Up = Upras€TP [—2& <i> ] (B.9)
Th
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where a = 2.45, the constant 2 is a profile tuning value, and r;, = 0.0862x. The maximum
axial velocity is given by

al
7pUo(74)?
where T is the total thrust of the propellers to overcome the combined frictional and wave—
making resistance. The swirl velocity is based on the self-similar propeller velocity.

2
‘/s = ‘/sMaxdl <L) exp [_dQ (L> ] (Bll)
Tsh T'sh

where a7 = 4.34, a; = 3.56, and rg, is half width of the swirl profile taken to be ry, =
0.095vzB. The maximum swirl velocity, Viyqz, is a function of the propeller torque (Q)

‘/sMa:c = L (B12)

WpUO%(TSh)?’.

(B.10)

UpMaz =

The propeller torque is a function of the swirl number, S, and the propeller diameter, D,

Q=S (T%> : (B.13)

where the swirl number is taken to be S = 0.3.

The self-similar turbulent kinetic energy from the propeller wake is given by
o\ 2
ky = kpraz €Xp [—EL (—) ] ) (B.14)
T
where kpnrar = (0.59%Uppmaz)?

The rudders are modeled as NACA 0015, with Cy, = 0.0093. Single Gaussian profiles are
used to model the wake deficits as outlined by Miner.

+ 2 z—2\2
Uy = UpMazC€TD [—d { (y yT) + ( T) }] (B.15)
Yhr Zhr

where y, and z, are the rudder horizontal and vertical offsets from the surface centerline.
The maximum velocity deficit due to the rudder is estimated as

d’r Rrudder
UpMaz = ——————— B.16
TpUoYnr Zhr ( )

where R, is the resistance of the rudder and y,,. and zj, are the wake half widths. The
vertical half width, z;,, = %br, where b, is the rudder span, while the horizontal half width,
Ypr 18 set as

1
Ynr = Qp\/ Tt + §tr; (B.17)
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where ¢, is the thickness of the rudder and a, = 0.231/Cy,. The TKE due to the rudders is
found by using equation (A6) with ke /Urprae = 1.

Bilge keels are not included in the current model as their contribution to the velocity profile
is considered negligible. Miner provides a formulation for the inclusion of bilge vortices, but
the experimental data presented by [143] and [59] suggest that the pair of bilge vortices are
ingested by the propellers and their rotation canceled.

The total turbulent kinetic energy is taken to be the sum of the contributions from ship drag
current and the propeller
k=kq+ k. (B.18)

The turbulent dissipation rate of the drag current ¢; and the thrust current €, are modeled
based on [57] as:

3 3 V12 3
€d = 1 (kq)? 1 Ep = B (kp)Q (B.19)
where o
A=0,B?—2 . B.20
! 8ufMa:c ( )
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Appendix C

Perfect and Simulated SAR images

Perfect SAR images for vv polarization in following and head seas with wave amplitudes
between 0.5-1.5 m are provided. Wavelengths of 50 m are used in all simulated conditions
here.
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Figure C.1: Perfect SAR images (dB) at L, S, C, and X band with vv polarization at 50

degree incidence with the azimuth along (left) and across (right) the wake for a 0.5 m wave
amplitude in following seas.
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Figure C.2: Perfect SAR images (dB) at L, S, C, and X band with vv polarization at 50
degree incidence with the azimuth along (left) and across (right) the wake for a 1.0 m wave
amplitude in following seas.
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Figure C.3: Perfect SAR images (dB) at L, S, C, and X band with vv polarization at 50
degree incidence with the azimuth along (left) and across (right) the wake for a 1.5 m wave
amplitude in following seas.
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Figure C.4: Perfect SAR images (dB) at L, S, C, and X band with vv polarization at 50
degree incidence with the azimuth along (left) and across (right) the wake for a 0.5 m wave
amplitude in head seas.
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Figure C.5: Perfect SAR images (dB) at L, S, C, and X band with vv polarization at 50
degree incidence with the azimuth along (left) and across (right) the wake for a 1.0 m wave
amplitude in head seas.
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Figure C.6: Perfect SAR images (dB) at L, S, C, and X band with vv polarization at 50
degree incidence with the azimuth along (left) and across (right) the wake for a 1.5 m wave
amplitude in head seas.
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Figure C.7: Simulated SAR images (dB) at L, S, C, and X band with vv polarization at 50
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Figure C.8: Simulated SAR images (dB) at L, S, C, and X band with vv polarization at 50
degree incidence with the azimuth along (left) and across (right) the wake for a following
seas condition with 0.5m wave amplitude.
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Figure C.9: Simulated SAR images (dB) at L, S, C, and X band with vv polarization at 50
degree incidence with the azimuth along (left) and across (right) the wake for a following

seas condition with 1.0m wave amplitude.
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Figure C.10:

seas condition with 1.5m wave amplitude.
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Figure C.11: Simulated SAR images (dB) at L, S, C, and X band with vv polarization at 50
degree incidence with the azimuth along (left) and across (right) the wake for a head seas
condition with 0.5m wave amplitude.
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Figure C.12: Simulated SAR images (dB) at L, S, C, and X band with vv polarization at 50
degree incidence with the azimuth along (left) and across (right) the wake for a head seas
condition with 1.0m wave amplitude.

184



Y Position (m)
'

Y Position (m)
o

0 2000 4000 6000 8000 10000 12000 14000 16000 18000
X Position (m)

02 04 06 08 1 12 14 16 18 2
X Position (m) %104

Y Position (m)

0.2 0.4 0.6 0.8 : X 12 14 1.6 18 2

0 2000 4000 6000 8000 10000 12000 14000 16000 18000
X Position (m) x10*

X Position (m)

Y Position (m)
.
Y Position (m)
o

i L & e o
o 5

Y Position (m)
Lo -
o & AN [ -]
3853500383838

02 04 06 08 1 12 14 16 18 2 0 2000 4000 6000 8000 10000 12000 14000 16000 18000
X Position (m) x10*

X Position (m)

Y Position (m)
Y Position (m)
o

n 4 L ! -15
4000 6000 8000 10000 12000 14000 16000 18000

X Position (m)

0.2 0.4 0.6 0.8 ) 12 1.4 1.6 1.8 2 0 200
X Position (m) x10*

Figure C.13: Simulated SAR images (dB) at L, S, C, and X band with vv polarization at 50
degree incidence with the azimuth along (left) and across (right) the wake for a head seas
condition with 1.5m wave amplitude.
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