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ABSTRACT

Results are presented from a towing-tank experiment conducted in order to.document
the effects of waves on the wake of a surface-piercing body. A unique, simple model
geometry is utilized which makes it possible to isolate and identify the most important
features of the wave-induced effects. Measurements were made for three wave-steepness
conditions: zero, medium, and large. The effects of the waves for the latter two conditions
are shown to be significant. In particular, the variations of the external-flow pressure
gradients cause acceleration and deceleration phases of the streamwise velocity component
and alternating direction of the crossflow, which results in large oscillations of the
displacement thickness and wake centerplane velocities as compared to the zero-steepness
condition. Remarkably, the wake displays a greater response, i.e., a bias with regard o
favorable as compared to adverse pressuie gradients. The measurements are compared anc.
close agreement is demonstrated with results from Reynolds-averaged Navier-Stokes
calculations. Additional calculations are presented, including laminar-flow results, which
aid in explicating the characteristics of the near and intermediate wake, the pe:iodic nature
of the far wake, and wave-induced separation. Previously, experimental and computational
results were presented for the boundary-layer region.
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LIST OF SYMBOLS

wave steepness

wake half width

foil chord length, calibration constant
pressure coefficient [=2(p - po)/pUCZ]
probe holes

foil depth of submergence

Froude number (= U /gL)
gravitational acceleration

shape parameter

probe-hole pressures

total number of grid points

total number of global iterations
turbulent kinetic energy

pitot-probe calibration ccefficients

plate length

pressure

axial and depthwise extermnal-flow pressure gradients,
respectively

residual

Reynolds number (= UL/, UAN)
time

caniage speed, uniform-stream velocity
wake centerline velocity

wake centerplane axial and crossflow velocities, respectively

wall-shear velocity (=Y Tu/p)

velocities in the (x,y,z) directions, respectively
probe-hole voltages

calibration-velocity vector

magnitude of calibration-velocity vector

projection of V onto X-Y and Y-Z planes, respectively
velocity defect
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Wo centerline velocity defect

X,¥,Z global Cartesian coordinates

xty* dimensionle_ss distances (= Ugx/v, etc.)
XY, Z local Cartesian coordinates for pitot-probe measurements
Greek

o angle between V,, and X-axis

0, 0Ly, V. W50, Ot under-relaxation factors

) boundary-layer thickness

o* streamwise displacement thickness

€ rate of turbulent energy dissipation

n wave elevation

0 streamwise momentum thickness

A wave length

\Y kinematic viscosity

Vi eddy viscosity

En,C boundary-fitted coordinates

p density

T Reynolds shear stress

Tw wall-shear stress

o} angle between V and Vi,

Superscripts

' local values for pitot-probe measurements
e edge value, edge of boundary layer and wake
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I. INTRODUCTION

The present work stems from two previous studies concerning the effects of waves
on the boundary layer of a surface-piercing body. Initially (Stern, 1986), the boundary-
value problem was formulated and order-of-magnitude estimates were derived for the
boundary-layer/free-surface juncture.region which show that the flow is analogous to the
flow-in a streamwise .omer in that a consistent formulaticn requires the solution of higher-
order viscous-flow equations. Numerical results were presented for laminar and turbulent
flow for the model problem of a combination Stokes-wave/flat-plate flow field utilizing
first-order boundary-layer equations and both small-amplitude-wave and more approximate
zero-gradient free-surface boundary conditions. Subsequently (Stern et al., 1989), results
from-a towing-tank experiment were presented utilizing a unique, simple foil-plate moc:l
geometry (figure 1)-which simulates the Stokes-wave/flat-plate flow field. Mean-velocity
profiles in the boundary-layer region and wave prefiles on the plate were measured for
three wave-steepness conditions. For medium and large steepness, the variations of the
external-flow pressure gradients were shcwn to cause acceleration and deceleration phases
of the streamwise velocity component and alternating direction of the crossflow, which
recult in large oscillations of the displacement thickness and wall-shear stress as compared
to the zero-steepriess condition. The measurements were compared and close agreement
was demonstrated with the results from the turbulent-flow calculations with the zero-
gradient approximation for the free-surface boundary conditions. Also, wave-induced
separation is discussed which is present in the experiments and the laminar-flow
calculations under certain conditions.

Herein, results arc presented from extensions of both the previous experimental and
theoretical work. In the former case, the measurement region is extended into the wake
where both mean-velocity and wave-elevation measurements are made. In the latter case, a
state-of-the-art viscous-flow method is brought to bear on the present problem, in which
the Reynolds-averaged Navier-Stokes equations are solved for both the boundary-layer and
wake regions. A review of the literature on the present topic was provided by Stern
(1986). More recently, Toda et al. (1991) and Tahara et al. (1990) provide updated
reviews of relevant experimental and computational work, respectively. It should be
recognized that the present study as well as those just referenced are part of a large project
concerning free-surface effects on ship boundary layers and wakes. In addition to the
earlier mentioned precursory work, some other related studies under this project (i.e., Toda




et al., 1991; Tahara et al., 1990) will be referenced later with regard to further details
concerning the experimental equipment and procedures and the computational method.

In the presentation of the results and the discussions to follow, a Cartesian
coordinate system is adopted in which the x-, y-, and z-axes are in the direction of the
uniform flow, port side of the plate, and depthwise, respectively. The origin is at the
intersection of the waterplane and the leading edge of the plate. The mean-velocity
components in the directions of the coordinate axes are denoted by (U,V,W) and the
uniform stream (i.e., carriage velocity) by U.. Unless otherwise indicated, all variables are
nondimensionalized using the plate length L, carriage velocity U, and fluid density p.

An outline of this report is as follows. The experimental equipment and procedures
are described in Chapter II. Next, in Chapter III, an overview is provided of the
computaiional method and the computational grids and conditions are described. Then, in
Chapter 1V, the experimental and computational results are presented and discussed,
including some additional computational results for both turbulent and laminar flow, which-
aid in explicating the characteristics of the near and intermediate wake, the periodic nature
of the far wake, and wave-induced separation. Lastly, in Chapter V, some concluding
remarks are made.

II. EXPERIMENTAL EQUIPMENT AND PROCEDURES

The experiments were performed in the Jowa Institute of Hydraulic Research
(ITHR) towing tank (figure 2). The towing tank is 91.4 m long and 3 m wide and deep. It
is equipped with one towing carriage and two instrumented trailers, north and south, either
one of which can be attached to the towing carriage for performing experiments. The
model, traverse, and instrumentation are mounted to the trailers which allows for easy
access and optimum viewing. For the present study, the south trailer was used. The
towing carriage is cable-driven by a 15 hp motor fitted with a tachometer-feedback (analog-
feedback) speed regulator. The carriage can be driven at speeds up to 3 m/s with an
accuracy of * 10 mm/s. The carriage is operated from a control panel situated on the
carriage.
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A. Model Geometry

The experimental model is shown in figure 1. Stemn et al. (1989) provide a detailed
description of the design and construction of the model; however, some modifications were
made to enable the wake measurements. In particular, the plate length was shortened to L
= 1.2 m, the leading edge was rounded, the trailing edge was tapered, the sidewall
endplates were extended into the wake region, and L-beams were mounted on both sides of
the plate at the top and bottom for structural stiffness. The detailed plate geometry is
shown in-figure 3 [cf. figure 4 of Stern et al. (1989)]. The leading- and wrailing-edge
modifications were based on previous flat-plate wake wind-tunnel experiments (e.g., Pot,
1979; Aadreopoulos, 1980; Ramaprian et al.,1982). In order to induce turbulent flow, a
row of cylindrical studs of .8 mm height and 3.2 mm diameter were fitted with 9.5 mm

spacing on the plate at x =.05. Also, as was the case with the previous plate,a2 x 2 cm
grid was painted on the nonmeasurement side of the plate to facilitate wave-profile
measurements. Lastly, the entire model was refurbished prior to initiating the present
program of experiments.

B. Instrumenistion

The wave elevations were measured using a Shinozuka 15 cm AC servo-
mechanism wave probe on loan from the Osaka University (figure 4). The probe was
mounted to the trailer and towed with the foil-plate model. Figure 5 is a photograph of the
automnated traverse used to position the probe. The probe could be moved in three
directions of a Cartesian coordinate system. The crossplane positioning (y-z planes) was
driven by two stepper motors which were controlled by a microcomputer on the carriage.
The axial (x-direction) positioning was achieved by manually moving the y-z traverse
system along 1.5 mrails. For large distance axial positioning, the relative position of the
traverse and foil-plate model were adjusted on the trailer.

A five-hole pitot probe (modified NPL type) also on loan from Osaka University
was used to measure the direction and magnitude of the mean velocity in the flow field.
The probe is shown in figure 6. The same automated traverse (figure 5) was used for
positioning the probe as that described earlier with regard to the servo-mechanism wave
probe. The center hole of the five-hole pitot probe was connected by vinyl tubing to a
branch. Four pressure tubes were divided at the branch and connected to one side of four
Validyne differential pressure transducers with % .3 psi diaphragms. The surrounding four

”
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holes were connected to the other side of the transducers. All of the tubings between the
sensor holes and the diaphragm were filled with water. A block diagram of this
arrangement is shown in figure 7a.

For each experiment, the voltage output from the servo-mechanism wave probe or
transducers was sampled, digitized, recorded, and analyzed along with the carmriage speed
by a microcomputer on the carriage. The carriage speed was monitored during each
carriage run by a voltage display. The time history of the five-hole pitot probe output was
monitored by a single-channel pen recorder for certain carriage runs to check the response
time.

C. Calibration

The servo-mechanism wave probe was calibrated by adjusting its relative position
with respect to the water surface using the automated traverse. This was done each day
before and after the measurements were performed. Typical calibration results are shown
in figure 10 of Toda et al. (1991), which demonstrate the good repeatability of the
measurements and the stability of the probe.

The differential pressure transducers were calibrated using two water tanks. One
was moved up and down by the automated traverse while the other was at a fixed elevation,
i.e., the pressure was measured by water head. The calibration was usually carried out
before and after the measurements at a particular station. Typical calibration results are
shown in figure 11 of Toda et al. (1991), which demonstrate that the curves are linear and
repeatable.

The five-hole pitot probe was calibrated in the IIHR 1.07 m octagonal, open-throat
test section, closed-circuit wind tunnel using the calibration device shown in figure 8. The
calibration was done at a wind speed of about 16.5 m/s. The data were analyzed using a
method similar to Fujita (1979). The probe-based Cartesian coordinate system (X,Y,Z)
and other basic quantities used for the data analysis are defined in figure 9. Referring to
figure 9, the X-axis is in the direction O-C and the Y- and Z-axes are in the T-C-B and P-
C-S planes, respectively. The origin is at the center of curvature of the tip face. The probe
holes are designated C, T, B, P, and S and the corresponding sensed pressures are Hc,
Hr, Hg, Hp, and Hs, respectively. The calibration-velocity vector is V and its projections
in the X-Y and Y-Z planes are Vy, and V,, respectively. The angle between V, and the X-
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axis is o, and the angle between V and V, is ¢. Hc etc. were measured as differential
pressures relative to the ambient pressure. The probes were calibrated in the range - 25° <
¢ <250 and - 25° £ o < 25° with five-degree steps in ¢ and o.. The following calibration
coefficients were then calculated:

M(¢,0)) = [Hc - (Hr + Hp + Hp + Hs)/4)/(V2/2g) (II-1)
K(¢,0) = (Hr - Hp)/[Hc - (Hr + Hp + Hp + Hg)/4] (I-2)
L(¢,0) = (Hs - Hp)/[Hc - (¢l + Hp + Hp + Hs)/4] (I1-3)

where g is the gravitational -acceleration and V2 = V-V, The wind-tunnel speed V and
ambient pressure and temperature were monitored using a total-head tube and thermometer,
respectively. These coefficients are shown in figures 10a,b.

The procedure for evaluating the mean-velocity components (U,V,W) from the
local probe measurements and the calibration coefficients, (II-1) through (II-3), is as

follows. Designating the local measured values with a ', the following quantities are
determined: ’

vrpps=c*Ho-Hrppg) (1-4)

2
L] c
M =‘4—(VT+VB+VP+VS)

2 .
= Z—M (I1-5)
K= (vg - vi)/M’ (11-6)
L' =(vp-vs)/M" dI-7)

where ¢ will be defined later and vt p,s corresponds to the voltage outputs from the four
transducers corrected to an equivalent channel 1 voltage based on the transducer calibration
curves. ¢ and o are determined from K' and L' using the calibration coefficient shown in




figure 10a. These are then used to determine M from the calibration coefficient shown in
figure 10b. As a result, the following are obtained:

V' = V2gM/M = c\gM2M (11-8)
U = V'cosdcosa (I1-9)

V = V'sing (II-19)

W = V'cosdsino (JI-11)

The constant ¢ is proportional to the slope of the dynamic calibration curve shown in figure
10c, which was obtained from measurements in uniform flow over a range of carriage
speeds. Figure 7b provides a block diagram of the overall data analysis procedure. A
computer program was used for data analysis in which values at desired points are obtained
by third-order spline interpolation.

D. Data-Acquisition System

The data-acquisition system was an IBM PC-XT compatible microcomputer on the
carriage with an 8 channel data-acquisition board. An RS-232C communication port (the
serial port) was used to transmit signals to the controllers of the stepper motors. The
carriage speed or sensed pressures were converted to a voltage and then filtered by a low-
pass filter (including a unit gain amplifier) and sampled through the A-D converter and
averaged over the measurement period. A sampling frequency of 200 Hz was used.

E. Experimental Procedure

Two types of measurements were made: wave elevations and mean-velocity
profiles. In both cases, a time interval of about 12 minutes between carriage runs was
necessary in order for the fluid motion induced by the previous run to be sufficiently
damped.

Three wave-steepness conditions were selected for the measurements: zero,
medium, and large. In each case, the experiments were conducted at the same carriage
velocity (U = 1.37 m/s) such that, for the latter two cases, the wave length A is about 120
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cm, i.e., A = L. The plate was placed at the middle of the tank and positioned
longitudinally such that the trailing edge coincided with the second wave crest. The
measurement locations, plate positions, and foil submergence depths are shown in figure 3.

For the wave-elevation measurements, two measurements were made per carriage
run. A delay time of 5 sec was used after the carriage attained a steady speed and before
the first measurement was performed. Subsequently, data was taken for a 5 sec period and
then the probe position was changed by the automated traverse. A second 5 sec
measurement period was initiated after a 3.5 sec delay time. Measurements were made at
up to 15 axial and three transverse stations.

For the mean-velocity profiles, two and one measurements were made per carriage
run for the zero- and medium-steepness conditions and the large-steepness condit.on,
respectively. In the former case, the procedure was similar to that for the wave-elevation
measurements, except a 7 sec measurement period was used. In the latter case, a 20 sec
measurement period was used since the velocities in the wake region were found to be
somewhat unsteady. Measurements were made at up to 12 axial stations, four on the plate
and eight in the wake, and three depths, with usually about twenty transverse data points.

For the zero-steepness condition, the mean-velocity profiles were found to oe
symmetric with respect to the wake centerplane, although the wake centerplane deviated
somewhat from the geometric centerplane. This deviation was attributed to the roughness
on the port side of the plate caused by the painted grid (see Section IL.A). The location of
the wake centerplane was determined and the symmetry with respect to it confirmed by
performing measuremenis on both the starboard and port sides of the wake. For the
medium- and large-steepness conditions, it was found that the deviation was larger and the
profiles displayed some asymmetry. Therefore, measurements were also made on both
sides of the wake, although, in these cases, those on the port side were more limited.

F. Experimental Uncertainty
For the local wave-elevation measurements, the accuracy is estimated to be within *

.5 mm in wave elevation, whereas for the mean-velocity measurements, the accuracy is
estimated to be within 2.5% for the magnitude and 1.5 degree for the direction.




III. COMPUTATIONAL METHOD

As discussed earlier, the flow field of the foil-plate geometry simulates the Stokes-
wave/flat-plate flow field for which first-order boundary-layer calculations (Stern, 1986)
and comparisons with the measurements for the boundary-layer region (Stern et al., 1989)
were previously performed. Although the comparisons showed close agreement and
various important features of the wave-induced effects were isolated and identified, certain
issues were not fully addressed due to the limitations of the first-order boundary-layer
equations, e.g., the resolution of the flow very near the free surface, including the role of
the free-surface boundary conditions, and the nature of wave-induced separation.
Therefore, it was decided, as already mentioned, to bring to bear a state-of-the-art viscous-
flow method on the present problem, in which the Reynolds-averaged Navier-Stokes
equations are solved for both the boundary-layer and wake regions. In Chapter IV, the
capabilities of the computational method will be evaluated through comparisons of the
turbulent-flow solutions with the measurements. Also, some of the issues raised by the
comparisons (i.e., the characteristics of the near and intermediate wake) and other features
of the flow (i.e., the periodic nature of the far wake and wave-induced separation) will be
investigated through some additional computational results for both turbulent and laminar
flow.

The present computational method is similar to that of a related study, i.e., Tahara
et al. (1990) in which an interactive approach is set forth for calculating ship boundary
layers and wakes for nonzero Froude number, although the present work was done
independently. Thus, many of the details of the method are provided by Tahara et al.
(1990) and its associated references. Herein, an overview is given with the emphasis on
the specific differences required for the present calculations. Also, the computational grids
and conditions are described.

A. Approach

In the interactive approach of Tahara et al. (1990), two of the leading inviscid-
(Rosen, 1989) and large-domain viscous-flow (Patel et al., 1988) methods are modified
and extended for interactive calculations, including, in the latter case, incorporation of first-
order free-surface boundary conditions. The interaction procedures are based on previous
work for zero Fr (Stern et al., 1988): the match boundary is at about 29, where § is the
boundary-layer thickness; and the interaction law is based on the concept of displacement

8




thickness &*. Herein, the inviscid flow is prescribed as a second-order Stokes wave and
the viscous-inviscid interaction is assumed: negligible. Both these approximations were
shown by Stern et al. (1989) to be quite good. Thus, the following overview is primarily
concernéd with-the viscous-flow method.

In the viscous-flow method, the Reynolds-averaged Navier-Stokes equations are
written in the physical domain using Cartesian coordinates (x,y,z). Note that Tahara et al.
(1990) use cylindrical coordinates for their applications. Closure is attained through the
use of the standard k-¢ turbulence model without modifications for free-surface effects.
For laminar-flow calculations, the equations reduce to-the Navier-Stokes equations by
simply deleting the'Reynolds-stress terms and interpreting (U,V,W) and p as instantaneous
values. The governing equations are transformed into nonorthogonal curvilinear
coordinates (£,n,0) such that the computational domain forms a simple rectangular
parallelepiped with equal grid spacing. The transformation is a partial one since it involves
the coordinates only and not the velocity components (U,V,W). The transformed
equations are reduced to algebraic form through the use of the finite-analytic method. The
velocity-pressure coupling is accomplished using a two-step iterative procedure involving
the continuity equation based on the SIMPLER algorithm.

The solution domain is shown in figure 11. The initial-conditions are specified
from simple flat-plate solutions. A two-point wall-function approach is used near the plate
surface and, for the present application, a wake-function approach (Choi and Chen, 1988)
is used near the plate trailing edge. At large depth and on the wake centerplane, symmetry
conditions are imposed. On the exit plane, axial diffusion is assumed negligible and a zero-
gradient condition is used for the pressure. On the outer boundary, the edge conditions for
(U,W,p) are prescribed according to a second-order Stokes wave [i.e., eiluations 3)
through (11) of Stern et al. (1989)] and a zero-gradient condition is used for (k,e). In
order to insure a smooth merging of the viscous and inviscid solutions a technique was
implemented whereby the edge conditions alternated during the global iterations between a
Dirichlet condition (U,W,p) = (Ue,We,pe) and a Neumann (zero-gradient) condition
d(U,W,p)/dy = 0. Finally, on the free-surface, calculations were performed using both
first-order free-surface boundary conditions [i.e., equations (18) through (20) of Tahara et
al. (1990)] and more approximate zero-gradient conditions; however, only the latter results
are presented herein. Calculations using the former conditions as well as higher-order and
exact treatments of the free-surface boundary conditions are in progress, as will be
discussed later, and will be reported in the future.
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B. Computational Grids and Conditions

The compuiational grids were obtained-using the technique of generating borly-
fitted coordinates through the solution of elliptic partial differential equations. Because of
the simplicity of the present computational geometry (figure 11), it- was possible to specify
the transverse and longitudinal sections of the computational domain as surfaces of constant
€ and §, respectively and, moreover, the three-dimensional grid was obtained by simply
"stacking" the two-dimensional grid for the longitudinal plane. Partial views of the grids
used in the calculations are shown in figures- 11a,b for turbulent and laminar flow,
respectively, including both longitudinal planes and typical crossplanes. For turbulent
flow, in order to enabie a more compleze evaluation of the compuzational method, the plate
thickness and detailed trailing-edge shape were resolved by the grid, whereas for laminar
flow these details were neglected.

For turbulent flow, the inlet, exit, maximum depth, and outer boundaries are
located at x = (.05, 6), z = 1.13, and y = 1.269, respectively, where d is obtained from
simple flat-plate solutions for the boundary-layer and wake regions; the first grid point off
the plate surface is located in the range 47 < y*+ < 73 and x* = 330 near the trailing edge;
170 axial grid points were used, with 40 over the plate and 130 over the wake; 20 radial
grid points were used; and 9 depthwise grid points were used. In suminary, the total
number of grid points imax used for the turbulent-flow caiculations was 170 x 20 x 9 =
30600.

For laminar flow, the grid was similar, except the exit boundary was located at x =
10; an even grid distribution was used in the y direction with the first point in the range
.000524 <y £.002368 and x = .0 near the trailing edge; 200 axial grid points were used,
with 40 over the plate and 160 over the wake; and 19 radial grid points were used. In
summary, imax used for the laminar-flow calculations was 200 x 19 x 9 = 34200.

For turbulent flow, the calculation conditions were specified in order to simulate
those of the experiments, i.e., calculations were performed for U, = 1.37 m/s and thiee
values of wave steepness Ak = (0, .11, .21). Based on the latter two values, the wave
length A is 1.19 and 1.15 m, respectively, according to equation (11) of Stern et al. (1989);
however, here the linear-theory value is assumed, A = 1.2 m. Thus, Rey = 1.64 x 106 (=
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UcA/v), assuming an average water temperature of 20deg C. On the inlet plane, the
average values for d and the wall-shear velocity Uy are .00139 and .0498, respectively.

For laminar flow, the calculation conditions were similar, except Rey = 2 x 104
This value of Re was selected based-on the previous laminar-rlow calculations of Stern
(198&). On the inlet plane, the average values for & and U, are .00791 and .10246,
respectively. ‘

For zero steepness, the calculations were begun with a zero-pressure initial
condition for the pressure field. For nonzero steepness, the complete zero steepness
solution was used as an initial condition. The solutions were built up in stages starting
with small Ak values and achieving partial convergence and then incrementally increasing
Ak urtil reaching the desired value and final convergence. The values of the time o,
velocity o,y w, pressure-correction op, and pressure O under-relaxation factors and total
number of global iterations itl used in obtaining both the turbulent and laminar solutions are
provided in Table 1. The calculations were perforn 2d on the Naval Research Laboratory
CRAY XMP-24 supercomputer. The CPU time required for the calculadons was about 60
minutes for 200 global iterations.

Extensive grid dependency and convergence checks were not carried out since these
had been done previously both for the basic viscous-flow method (Patel et al., 1988) and
for other applications. However, some calculations were performed using both coarser and
finer grids. These converged, respectively, more rapidly and slower than the present
solutions. Qualitatively the solutions were very simiiar to the present one, but with reduced
and somewhat increased resuvlution, respectively. The cor.vergence criterion was that ti».
change in solution be less thzn about .05% for all variables. Usually the solutions were
carried out at least 50 global iterations beyond meeti~e rhis criterion. Figures 12a,b
provide the convergence history of the pressure for ..o zero-steepaess conditioi. for
turbulent and laminar flow, respectively, and are typical of the results for all che variables.
In figure 12, the abscissa is the global iteration euinver it and the ordinate is the residual
R(it), which is defined as follows:

imax imax
R = 3, IpGt-1) - py 7 Y, IpGuy | (11I-1)
i=1 i=1
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IV. EXPERIMENTAL AN} COMPUTATIONAL RESULTS

Next, the detailed experimental and computational results are presented and

-discussed to point out the most important featrres of the wave-induced effects. Wherever

possible, comparisons are made between the ¢ 3 2. *2nts and calculations, i.e., in Sections
IV.A and IV.B, respectively, experimental 2 ¥ .«+ y ;tational wave elevations and velocity
profiles are compared. in general, the exj. < ear ! -2+ _its are discnssed first, followed by
the computational results and comparisons. 3 .stly, in Section IV.C, scriec additional
computational results are provided, which ar- helpful in further explicating the flow

physics.
A. Wave Elevations

Previously (Stern et al., 1989), comparisons were made between the measurex!
wave profiles on the plate and the theoretical secoi,d-order Stokes-wave values. Close
agreement was shown, except near the leading and trailing edges. For x < .25, the
measured wave elevation is larger than the theoretical one due to the leading-edge effects of
the plate, whereas for x > .75, the measured wave elevation is smaller than the theoretical
one due to the damping influence of the plate. Although som= minor differences were
evident due !¢ the model modifications and refurbishing, the present wave-prof.le
measurements were very simila uud consistent with the previcus ones and, therefore, are
not presented. Note that the wave profiles on the plate shown in figure 3 are based on
these measurements.

Of greater interest to the present study are wave elevations in the wake region,
which, as described earlier, were measured using the servo-mechanism wave probe.
Measurements were performed for the same conditions as those described subsequently for
the detailed velocity profiles, i.e., zero, medium, and large steepness and at up to 15 axial
stations and three transverse locations y = .02, .05, and .1. The first transverse location is
about halfway across the boundary layer, the second is near the boundary-layer edge, and
the third is well outside the bonundary layer. The results are shown in figure 13.

For zero steepness, the wave elevations are very small in comparison w ihe results
for medium and large steepness and only roughly follow the expected trends with regard to
the free-surface shape and locations of the wave crests and troughs. In contrast, the results
for medium and large stee-ness closely follow expectation. Interestingly, in the wake
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region (1 € x £ 2), i.e,, over the second wave length, the wave elevations are somewhat
larzer than over the first wave length, especially near the third wave crest. This point will
e discussed further laier. The transverse variations are quite small, which confirms that in
the measurement region the waves are nearly two-dimcnsional. A trend seems discernible
that in:egions of decrcasing wave elevaion, the elevations are slightly ia:ser 1.2 ir the plate
and wake centerplane than at greater distances, whereas the reverse holds true for regions
of increasing-wave elevation.

* “so shown for comparison are second-order Stokes-wave elevations. The Ak
values currzspond tc those used 'o. the computations. Fairly close agriement is observed.
The differences displayed in the wave profiles on the plate discussed e. .ier are not evident
for medium steepness, tut appear t¢, be for iarge steepness.

B. Velocity Profiles

The conditions for the velocity-profile measurements were the same as those used
previously (Stern et ¢1., 1989): for large steepness, Ug = 1.37 m/s and foil submergence
d/c = 1.12; and for medium steepness, U; = 1.37 m/s and d/c = 1.39. For both conditions,
A = 120 cm, such that Re; = 1.64 x 106 (= UA/V), assuming an average water temperature
of 20 deg C. Note that the plate ler +h L =A. Referring to figure 3, measurements were
made for three depths z/A = (.0416, .0833, .125) and up to 12 axial positions x/A = (.25,
S5, 75, 1, 1,125, 1.25, 1.375, 1.5, 1.625, 1.75, 1.875, 2). (x,z) = (0, 0) i, : the
intersection of tiie plate leading edge and the undisturbed water level. As was also the case
previously, an additional set of measurements were made for conditions which simulate
Zero sieepness, i.e., a flat free surface: U = 1.37 m/s and d/c = 2.75. Previously (Stern et
al., 1989}, it was shown that this condition (i.e., the foil deeply submerged) more closely
simulav.s a flat free surface than the condition with the foil removed. For zero steepness,
measurements were made for z/A = 0833. x/A = (.8333, 1.042) in addition to the earlier
values, and on both the starboard and port sides of the plate. For medium and large
stecpness, most of the measurements are for the starboard side, with some limited data
obtained for the port side in crder to determine the location of the wake centerplane and
document the extent of the asymmetry. The discussions are primarily concemed with the
measurements on the starboard side; however, consideration is given to issues related to the
wake asymmetry and port-side measurements.
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In the following, first, some limited results. are presented for the without-plate
condition and discussed in conjunction with the wave elevations, edge velocities, and
Stokes-wave values to reach conclusions concerning the characteristics of the foil-plate
model-wave system. Then, the detailed results for zero steepness are discussed, followed
by those for large and medium steepness. For each condition, results are shown for the
edge velocity (U,W.), wake centerplane axial Uc, and crossflow W, velocity
distributions, streamwise U, transverse V, ind crossflow W velocity profiles, streamwise
displacement thickness 8, and other quantitic * of interest. The experimental edge values
were determined by fitting least-square splines to the data. All integral parameters (8", etc.)
were determined by trapezoidal rule integration. The accuracy of the integration is not as
good for-the experimental profiles as it is-for the calculated ones due to the smaller number
of data points obtained for the former. In the figures, the experimental values are shown
by symbols and the calculated values by solid or dashed curves. In the velocity-profile
figures, the outermost point is at 1.733, where the velocity components have their edge
values. This point was a boundary ¢rwadiwon in the calculations, but, in general, not a
measurement point.

In most cases, only results for the wake region (1 < x < 2) are presented; since,
previously Stern et al. (1989) provided results and discus: ic1 for the boundary-layer
region. The present measurements for the boundary-layer region were obtained primarily
to confirm the model modifications and refurbishing (see Sectian IL.A) and .were found, in
all cases, to be similar and consistent with the previous data.

1. Without Plate

Measurements were made with the plate removed in order to determine the wave-
making characteristics of the submerged foil without the interference and wavemaking
efects of the plate, especially since data of this type were not obtained previously by Stern
el al. (1989). The results are shown in figures 14a,b for large and medium steepness,
respectively, including, in both cases, the zero-steepness results for comparison.

The results are very consistent with those described earlier for the wave elevations,
i.e:: the wave effects are minimal for zero steepness, whereas for large and medium
cteepness they are significant and the trends closely follow expectation; the wave-induced
velocities are somewhat larger in the wake than in the boundary-layer region; and the
results show close agrecment with the Stokes-wave values, including the depthwise
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variations. As mentioned earlier, edge velocities will be shown later for each of the wave-
steepness conditions. Comparison of the without-plate and edge velocities indicates close
.agreement between the two, although there are some apparent differences. In particular,
the plate has a damping influence such that the wavg—indu’ced effects are somewhat
increased for the without-plate condition and the plate interference and wavemaking
influence the flow field such that the data are not as smooth and the agreement with the
Stokes-wave values is not quite as good for the with-plate condition. However, the
differences are not significant and it is concluded that the-theoretical Stokes- and physical
foil-plate model wave systems are in close agreement.

2. Zero Steepness

The primary purpose of the zero-steepness measurements is to aid in ascertaining
the wave-induced effects through comparisons later with the results for large and medium
steepness. In addition, it is of interest to compare the present results with benchmark
results from wind-tunnel experiments for flat-plate turbulent wakes (e.g., Pot, 1979;
Andreopoulos, 1980; Ramaprian et al.,1982) in order to evaluate the differences due to the
present non-ideal conditions, i.e., free-surface effects and relatively low Re. The
discussions and comparisons to follow also serve the purpose of summarizing the major
conclusions from these earlier studies, which is useful in putting the present work in
perspective. First, consideration is given to some global properties of the wake and then
the detailed results.

As described in Section IL.A, a 2 x 2 cm grid was painted on the port side of the
plate to facilitate wave-profile measurements. The original intention was to only perform
detailed velocity-profile measurements on the starboard side of the wake; however, it was
found that the wake centerplane did not coincide with the foil-plate model geometric
'centerplane, which, no doubt, is attributable to the roughness of the paint. Therefore,
detailed measurements were made on both the port and starboard sides of the plate for zero
steepness in order to document the extent of the asymmetry.

Figure 15 displays the location of the wake centerplane. This was determined by
fitting a third-order spline to the U-velocity component and evaluating the location of the
minimum value. The wake is seen to drift slightly to the port side, i.e., the painted-side of
the plate. The magnitude of the maximum drift is about y = .004. Although both the
direction and magnitude of the drift are similar to results for the asymmetric wake of
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roughened flat plates (e.g., Andreopoulos, 1980; Ramaprian et al., 1981), as will be
shown next, the effects on the velocity profiles when referenced to the wake centerplane
are, in fact, insignificant.

Figure 16 shows the usual overall properties for describing the wake: the half-
width b/0, the centerline velocity defect w, = 1 - U, and the shape parameter H = §*/6,
where 0 is the streamwise-momentum thickness. Note that in figure 16 the abscissa is x/0
and referenced to the trailing edge. Values are shown for both the port and starboard sides
of the wake. Two values of w, are shown since x/8 is different for each side. Also shown
for comparison are Pot's (1979) and Ramaprian et al.'s (1982) data. The port- and
starboard-side results are seen to be nearly identical, which indicates that the asymmetry is
not significant. Also, the trends for all three parameters closely follow both Pot's and
Ramaprian et al.'s data, in this case, confirming the suitability of the foil-plate model
geometry for wake measurements.

The half width and centerline velocity defect are plotted using similarity variables in
figure 17, i.e., (b/68)2 and (Uc/wo)2 vs. x/0. According to the assumptions in the far wake
of small velocity defect (w = 1 - U << 1) and similarity [w/w, = f(y/b)], both these
quantities should vary linearly with x/8. The additional assumption of a constant eddy
viscosity v, turbulence model enables the evaluation of the proportionality constants (e.g.,
Schlichting, 1968), i.e.

(b/8)2 = 16In2(vy/U,9)(x/6) av-1y
(U wo)? = 4n(vy/U 8)(x/6) (IV-2)

Equations (IV-1) and (IV-2) with the experimental value for v/U_0 = .032 (Ramaprian et
al., 1982) and the data of Pot (1979) and Ramaprian et al. (1982) are also shown in figure
17. Ramaprian et al. (1982) used a similar presentation in conjunction with velocity profile
plots using inner-variable coordinates to identify three regions of the wake: near,
intermediate, and far. In the near-wake region (1 < x/6 < 25), the flow is characterized by
the development of an inner wake, whose properties are governed by the details of the
near-wall layers of the upstream boundary layers. The growth and decay rates are
considerably larger than the asymptotic values. In the immediate neighborhood of the
trailing edge (about 200t, where t is the trailing-edge thickness), the flow is influenced by
the geometry and thickness of the trailing edge. In the intermediate-wake region (25 < x/0
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< 350), the wake evolves as a free wurbulent flow, with coherent structures associated both
with the small-scale mixing of the upstream inner wake and large-scale structures of the
outer boundary layers. The growth and decay rates are smaller than the asymptotic values.
In the far-wake region (x/6 > 350), the flow attains similarity and the asymptotic growth
and decay rates are realized. Here again, the present data shows close agreement with both
Pot (1979) and Ramaprian et al. (1982). It is apparent that most of the present data is in the
intermediate-wake region.

Figure 18a shows the asymptotic velocity-defect profiles w/w, vs. y/b for the
starboard side of the wake. Although not included on figure 18a, the present results are in
close agreement with both asymptotic theory and Pot's data.

The detailed velocity profiles for the starboard side of the wake are shown in figure
19. Consistent with the global properties, the U-velocity component displays a rapid
recovery in the near-wake region (1 < x < 1.375), followed by a more gradual approach to
uniformity. The edge values display the growth rate as well as the presence of free-surface
effects since the values deviate somewhat from U = 1. The V-velocity component shows
significant trailing-edge effects for x = 1 and 1.042, i.e., very large values near the wake
centerplane associated with the flow convergence towards the wake centerplane.
Subsequently, the profiles diffuse and display a rapid recovery such that near the end of the
measurement region the values are quite small and nearly constant across the wake. The
W-velocity component, which, of course, is zero for truly two-dimensional flow, displays
small nonzero values (W/U, < 2.5%). Here again, this is attributed to free-surface effects.

Next, the computational results are considered, including the comparisons with the
data. As is the case with the experiments, benchmark computational studies have been
performed for flat-plate turbulent (and laminar) wakes. In fact, in this case, the number of
studies are far too numerous to attempt a review or summary here. However, a few studies
are of particular relevance to the present work and will be discussed next prior to presenting
the results. These references can be consulted for further references on this topic.

Patel and Scheuerer (1982) showed that the major characteristics of symmetric and
asymmetric flat-plate turbulent wakes could be predicted by the boundary-layer equations
with the k-€ turbulence model with wall functions, except for the far wake where the
asymptotic growth rates were underestimated. Subsequently, Patel and Chen (1987)
reconsidered the symmetric case using the complete Reynolds-averaged Navier-Stokes
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equations and k-¢ turbulence model with the objective of including the viscous-inviscid
interaction and determining the influence of the terms neglected in the boundary-layer
equations. Also, two different treatments were considered for the near-wall region, i.e., a
‘two-point wall-function approach and a two-layer model in which a simple eddy-viscosity
distribution is used for the-wall region. Relatively minor differences are seen as a result of
the inclusion of the viscous-inviscid interaction and the complete equations; however, the
two-layer model improves the resolution of the flow close to the plate and in the near wake.
The level of underestimation of the asymptotic growth rates is the same as that shown by
Patel and Scheuerer (1982). Lastly, with regard to previous computational studies, Choi
and Chen (1988) showed that a wake-function approach leads to a similar improvement for
the global properties of the near wake as was obtained by Patel and Chen (1987) through
the use of their two-layer model.

As described in Section HIA, the present computational method is based on that of
Patel et al. (1988), which is essentially the same method as used by Patel and Chen (1987)
for their turbulent flat-plate wake study; therefore, the present results for zero steepness are
very similar to their results using wall-functions, except for a few important modifications:
the use of a small computational domain without accounting for the viscous-inviscid
interaction; the inclusion of the detailed plate geometry, i.e., plate thickness and detailed
trailing-edge shape; and the use of a wake-function approach. The purpose of the
following discussion is to verify the present computational procedures through
comparisons with the data and establish the differences due to the aforementioned
modifications.

Referring to figure 16, in general, close agreement is displayed between the
computations and the data for the overall wake properties. However, the half-width is
slightly underpredicted in the near wake and overpredicted in the intermediate wake and the
centerline velocity defect and shape parameter are somewhat underpredicted in both the near
and intermediate wake. In the far wake, the half-width is underpredicted and the centerline
velocity defect and shape parameter are slightly overpredicted.

In order to further display the differences between the calculatons and the data, the
wake centerline velocity Ug = 1 - w,, vs. x is shown in figure 20 (curve 4). Also shown
for comparison are calculations without the wake-function approach and the detailed plate
geometry (curve 1), with the detailed plate geometry and without the wake-function
approach (curve 2) and vice versa (curve 3), and the two-layer results from Patel and Chen
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(1987). Curve 1 is essentially the same as the wall-function result from Patel and Chen
(1987). Curve 2 shows a slight improvement, but not nearly as much as that reported by
Choi and Chen (1988). Next, curve 3 indicates that the inclusion of the detailed plate
geometry leads to results nearly identical to those from the two-layer model. Lastly, the
present results predict even lower values in the near wake and display the closest agreement
with the data.

The asymptotic results shown in figures 17 and 18 clearly display the earlier
mentioned deficiency of the k-€ turbulence model in the far wake. As expected, the present
results are similar and consistent with those of Patel and Chen (1987). Note that the results
in the near and intermediate wake show rather close agreement with the data.

Referring to figure 19, the detailed velocity profiles show good agreement with the
data; however, there are some important differences. In general, the U-velocity component
is overpredicted and recovers faster than the data. Some of the differences can be attributed
to the differences in edge values, i.e., U, = 1 in the calculations, whereas in the
experiments due to free-surface effects U, departed somewhat from this value. The V-
velocity component shows the same tendency as the data, but the trailing-edge effects are
confined to x < 1.042 subsequent to which V is nearly zero. The W-velocity component
is, of course, zero in the calculations. Also shown in figure 19 is the turbulent kinetic
energy, although it was not possible to obtain data for comparison.

It can be concluded that, for conditions that simulate zero steepness, the wake
development shows the typical characteristics of a two-dimensional flat-plate turbulent
wake; however, there are some differences, which are attributable to the effects of the free
surface. The agreement between the calculations and the measurements is generally quite
good.

3. Large Steepness

The large-steepness wave elevation is shown in figure 13 and was discussed earlier
in Section IV.A. Note that Stern et al. (1989) provide photographs of the wave profile on
the plate for the large-steepness condition, which highlight the leading-edge effects [Stern
et al. (1989) figure 16] and wave-induced separation [Stern et al. (1989) figures 6 and 8a]
present near the free surface for .8 < x < 1. In the following, here again, first some global




properties of the wake are discussed and then the detailed results. In the former case, the
zero-steepness values are shown on the figures for comparison.

The location of the wake centerplane for large steepness is also shown in figure 15.
The magnitude of the drift is considerably larger than for zero steepness. The drift
increases for 1 < x < 1.6 and then reduces towards the zero-steepness value at x = 2. The
magnitude of these trends increases with decreasing depth, i.e., the largest drift is near the
free surface, which indicates that the wave-induced effects exacerbate the wake asymmetry.
As mentioned earlier, some limited data was obtained for the port side to determine the just
discussed location of the wake centerplane and document the extent of the wake
asymmetry. Consistent with the increased drift of the wake centerplane for large as
compared to zero steepness, the wake asymmetry was found to be somewhat more
pronounced, i.e., some differences were evident in the edge values and integral parameters,
but, here again, these were not significant when referenced to the wake centerplane. Also,
the trends and general conclusions with regard to the free-surface effects on the wake are
identical; therefore, in the following, it is sufficient to only consider the results for the
starboard side.

The measured edge-velocity distribution is shown in figure 21. The results for 0 <
x < 1 are similar and consistent with those of Stern et al. (1989), i.e., the measurements
display the typical characteristics of a two-dimensional wave, although the second wave
crest is somewhat smaller than the first due to the damping influence of the plate. The
resulis for 1 < x < 2 are similar to those on the plate; however, as noted earlier, quite
apparent is the fact that the wave elevations in the wake are larger than those on the plate.
This is especially true in the region near the third wave crest. The zero-steepness values are
seen to be negligibly small in comparison to those for large steepness and only roughly
follow the expected trends.

Also shown on figure 21 are the second-order Stokes-wave values for Ak = .21.
This value of Ak was selected to give the best overall agreement between theory and
experiment and is the same as that used previously by Stern et al. (1989) for this same
condition. As discussed earlier (Section IV.B.1) the theoretical and experimental values are
in close agreement. Lastly, with regard to figure 21, note that the axial P, and depthwise
P, external-fiow pressure gradients can be discerned from the edge velocities, which
distinguish regions of adverse and favorable gradients [see Stern et al. (1989) equations (9)
and (10) and figure 5], i.e.: Py is favorable for 0 £ x £.5and 1 £x £ 1.5 and adverse for
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S<x<land 1.5<x<2; and P, is favorable for0 £x £.25,.75<x < 1.25,and 1.75 £
x < 2 and adverse for .25 <x <.75 and 1.25 < x < 1.75.

Figure 22 displays the wake centerplane axial Ugp and crossflow W, velocity
distributions. Initially, for 1 < x < 1.125, U, is smaller near the free surface than at the
two larger depths and all three values are below that for zero steepness. Apparently the
axial flow has not yet recovered from -the effects of the upstream adverse Py.
Subsequently, for 1.25 < x < 1.5, the effects of the favorable Py are clearly visible, i.e.,
Ugp increases towards the free surface with values considerably larger than those for zero
steepness. Finally, for1.5 < x <2, the effects of the adverse Py in this region are evident
such that the trend reverses, i.e., the velocities near the free surface become smaller than at
larger depths and for zero-steepness; however, the variation is not nearly as large as that
observed upstream in the region of acceleration and appears-to diminish with increasing x.
The trends for W, are seen to correlate with P, and follow those for W, but, interestingly,
with increased magnitude, i.e., W, overshoots We. Also, the downward velocities for 1
<x < 1.5 and x = 2 are significantly larger than the upward velocities for 1.625 € x <
1.875. Note the nonzero downward values for x = 1.5 and 2, which clearly indicate the
magnitude of the overshoot. The zero-steepness values are negligibly small and appear to
follow the trends of the zero-steepness We.

The trends of the calculated values of Ucp and W, closely follow those just
described for the measurements; however, there are some quantitative differences. The
calculated U indicates slightly larger values than the measurements in the region of
favorable Py, whereas the calculated Wy, indicates smaller values than the measurements
over the entire region of the measurements.

The streamwise displacement thickness 6" is shown in figure 23. Here again, the
results for 0 < x < 1 are similar and consistent with those of Stern et al. (1989), i.e., for 0
<x<.5, 8" is smaller near the free surface than at larger depths, whereas for .5 < x <1 the
reverse holds tue. Note that the present values at x = 1 are considerably larger than the
previous ones due to the plate modifications for the wake measurements, i.e., the tapered
trailing edge. Stern et al. (1989) explicated these trends as a direct result of the influences
of the external-flow pressure gradients P, and P,. The trends in the wake are similar, but
with some important differences. In the region of favorable Py, the flow acceleration near
the free surface is very large which results in a significant reduction in 8*. For z =.0416,

the reduction is the greatest and the value remains nearly constant throughout this region,
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whereas, for z = .0833 and .125, the amount of reduction is not as large and is basically
monotonic with the minimum value occurring at x = 1.625. In the region of adverse Py, 6*
increases; however, in this case, the minimum value is still near the free surface, i.c., the
increase due to the adverse Py is insufficient to overcome the effects of the upstream
favorable P, and cause a reversal of trend, as occurs on the plate.

The trends of the calculated values of 8" are quite similar to those just described for
the measurements. In the plate region, this is true both qualitatively and quantitatively;
however, in the wake region, quantitative differences are apparén:, In particular, the
calculated reduction in 8" is greater than the measurements and has a wave-like appearance,
which closely correlates with the influences of both P, and P, . Interestingly, here again,
as&* increases, the values near the free surface still remain smaller than those at larger
dépth.

The global results display a remarkable aspect of the wave-induced effects on the
wake, i.e., the flow appears to be considerably more responsive to the effects of the
favorable as compared to the adverse external-flow pressure gradient. This and other
aspects of the solution will be further discussed next with regard to the detailed results.

The velocity profiles for 1 < x < 2 and all three depths are shown in figure 24.
First, the results at the smallest depth z = .0416 (figure 24a) are considered. The U-
velocity component at x = 1 is similar to that presented by Stern et al. (1989), but with
larger effects of the flow .deceleration for reasons noted earlier. Subsequently, for x =
1.125, 1.25, 1.375, and 1.5, the profiles clearly display the effects of the flow
acceleration, i.e., the inner part of the profiles undergo a rapid recovery such that by x =
1.5 the profile is nearly flat. Finally, for x = 1.625, 1.75; 1.875, and 2, the profiles
remain relatively flat as the flow decelerates and the wake width increases. As already
pointed out, there is a small reduction in U, in this region such that 8* increases. A
comparison of the results just described with those for zero steepness (figure 19)
dramatically underscores the profound wave-induced effects on the wake development.

The V-velocity component also displays quite different behavior than that described
earlier for zero steepness. At x = 1, the profile indicates flow convergence towards the
wake centerplane, but with only a hint of the trailing-edge effects near the wake
centerplane, which are dominant at this location for zero steepness, and a rapid reduction at
the wake edge to its edge value. Subsequently, for x = 1.125 and 1.25, the profiles reduce
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in magnitude and undergo diffusion such that their shape is arc like. Then, for x = 1.375,
1.5, and 1.625, the magnitude increases and the profiles become relatively flat in the outer
part of the wake. Finally, for x = 1.75, 1.875, and 2, the profiles again reduce in
magnitude, beginning with the inner part of the profile, such that at x = 2 the profiles are
nearly flat and of very small magnitude, i.e., nearly zero.

The W-velocity component at x = 1 is nearly the same as that presented by Stern et
al. (1989). Subsequently, for x = 1.125 and 1.25, W undergoes a rapid acceleration,
especially for the inner part of the profile, such that the earlier noted overshoot of W¢, is
quite pronounced. Then, for x = 1.375, 1.5, 1.625, and 1.75, W decelerates and changes
sign, however, in this case, the profiles become and remain relatively flat, i.e., the inner
part of the profile does not overshoot W.. Finally, for x = 1.875 and 2, W again
undergoes acceleration, but with only a hint of an increased response for the inner part of
the profile as compared to the profiles near the plate trailing edge.

The results at the greater depths z = .0833 (figure 24b) and .125 (figure 24¢) show
very similar trends to those just described, but with reduced amplitudes in their deviation
from two-dimensional flow (i.e., the zero-steepness condition) due to the decay of the
external-flow pressure gradients.

As has been the case throughout, the trends for the calculations are quite similar to
those just described for the measurements. First considering the results for z = .0416,
initially, for x = 1, the calculated U-velocity component is in fairly close agreement with the
data. Subsequently, for x = 1.125, 1.25, 1.375, and 1.5, consistent with the earlier
discussion of the overprediction of Ugp, the inner part of the calculated profiles display
considerably larger velocities than the data. Also, the calculated profiles indicate an
overshoot in the outer part of the profiles, which occurs for x = 1.125 at about 3/46
(where, in this case,  is the wake thickness) and then for x = 1.25, 1.375, and 1.5 at
about 1/28. The experimental data only hint at this type of an overshoot. Finally, for x =
1.625, 1.75, 1.875, and 2, the profiles are relatively flat and show good agreement with
the data; however, they indicate an even faster recovery. Although the trends for the
calculated V-velocity component are similar to the measurements, the magnitude is
considerably less and many of the details are lacking. For x = 1, 1.125, and 1.25, the W-
velocity component closely follows the data in the outer part of the wake, but, here again,
consistent with the earlier discussion of the underprediction of W, the inner part of the
calculated profiles display smaller - alues than the measurements. For x = 1.375, 1.5,
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1.625, and. 1.75, the shape of the calculated profiles is nearly the same as the
measurements, but there appears to be a phase shift, i.e., the calculated profiles respond
sooner than the measurements to the changes in P,. Also, the calculations-show smaller
magnitudes than the measurements. For x = 1.875 and 2, the calculated profiles display
the effects of the favorable P,, but, here again, underpredict the acceleration of the inner
part of the profile. Also shown on figure 24a is the calculated turbulent kinetic energy. A
-comparison with the profiles shown in figure 19 for the zero-steepness condition indicates
that, initially, for » = 1 and 1.042, the maximum value is reduced and occurs more towards
the.middle of the boundary layer due, no doubt, to the effects of the upstream adverse Py.
Subsequently, for x = 1.25 and 1.375, the centerline value shows a large increase such
that, for x = 1.5, 1.625, 1.75, and 1.875, the profiles are relatively flat with somewhat
larger values in comparison to zero steepness. The results at the greater depths z = .0833
and .125, show the same tendencies as those described earlier for the measurements.

In summary, the large-steepness results clearly display very significant wave-
induced effects on the characteristics of the flat-plate wake, i.e., the influences of the
external-flow pressure gradients, P, and P,, completely alter the nature of the wake
development for the large- as compared to the zero-steepness condition. As found
previously for the boundary-layer region (Stern et al., 1989), the variations of Py and P,
cause acceleration and deceleration phases of the streamwise velocity component and
alternating direction of the crossflow, which results in large oscillations of the displacement
thickness and, in this case, the wake centerplane velocities as compared to the zero-
steepness condition. In fact, the trends are even more pronounced for the wake than for the
boundary-layer region. Furthermore, remarkably, the wake is seen to have a greater
response, i.e., a bias with regard to the favorable as compared to the adverse pressure
gradients. This important finding will be discussed further later in Section IV.C.1 in
conjunction with some additional turbulent-flow computational results. No doubt, the
aforementioned increase in wave elevation over the second in comparison io the first wave
length is attributable to this bias. In general, the computations display good agreement with
the data, but there are some important differences, which will be elaborated upon later in
Chapter V. Note that, as was the case with the previous turbulent-flow calculations for Ak
= .21 (Stern et al., 1989), wave-induced separation is not predicted, although, as
mentioned earlier, it was exhibited in the experiments near the free surface for .§ <x <1
for this same condition. The subject of wave-induced separation will also be discussed
further later in Section IV.C.2 with regard to some additional laminar-flow computational
results.




4. Medium Steepness

The medium-steepness wave elevation is shown in figure 13 and was discussed
earlier in Section IV.A. The location of the wake centerplane for medium steepness is also
shown in figure 15. The trends are similar to those for large steepness, but with reduced
magnitudes at all depths. Here again, only the results for the starboard side of the wake are
considered, which are shown in figures 25 through 28-using the same format as that used
previously for the large-steepness condition. The second-order Stokes-wave values shown
on figure 25 and used in the calculations are for Ak =.11. Here again, this value of Ak
was selected to give the best overall agreement between theory and experiment and is the
same as that used previously by Stern et al. (1989) for this same condition.

In general, the medium-steepness experimental and theoretical wends are similar-and
consistent with those for the large-steepness condition, except with reduced deviations
from the zero-steepness values due to the smaller Ak. Thus, the medium-steepness results
support the earlier discussed conclusions concerning the wave-induced effects on the wake,
including the influences of the external-flow pressure gradients and the remarkable fact that
the wake has a bias with regard to the favorable as compared to the adverse pressure
gradients. In fact, these trends appear to be more exaggerated for the medium- as
compared to the large-steepness condition.

C. Some Additional Computational Results

In this section, some additional computational results are considered for both
turbulent and laminar flow. Of particular interest is the aforementioned bias of the near and
intermediate wake, the periodic nature of the far wake, and wave-induced separation. The
analysis of the results is facilitated by color graphics through the use of PLOT3D; however,
the cost of color reproduction precludes a complete presentation of the color figures, i.e.,
only selected figures have been provided in color and the remainder are in black and white.
The complete set of color figures is available from IIHR upon request for the cost of
reproduction. Recall that the computational grids and conditions for both the turbulent and
laminar solutions were described in Section III.B.




1. Turbulent Tlow

The entire extent of the turbulent-flow calculations (figure 11a) encompasses not
only the plate and near- and intermediate-wake regions, whicii were discussed earlier with
reference to the data and comparisons, but also the far-wake :egion, i.e., the exit boundary
extends to x = 6 (5 plate lengths beyond the plate trailing edge). It should be mentioned
that obtaining solutions with large exit bounderies proved ic be fairly difficult, i.e.,
preliminary calculations with the exit boundary at x = 4.5 were found to be relatively easier
to obtain convergence and, in fact, to be accurate from the viewpoint of the resolution of
the plate and near- and intermediate-wake regions; however, they did not enable the
evaluation of the far wake. Thus, although difficult to obtain, such sclutions were deemed
necessary.

First, we consider the large-steepness results, which are provided in figures 29
through 37. Ugp, Wy, and 8” are shown in figure 29, including, in this case, the far wake
region (2 < x £6). Recall that the carlier discussions were primarily concerned with the
near- and intermediate-wake regions (1 < x < 2), with some limited reference to the
boundary-layer region (0 £ x < 1). The results in the near and intermediate wake clearly
display the earlier discussed fact that the flow is considerably more responsive to the effects
of the favorable as compared to the adverse external-flow pressure gradients, i.e., the
magnitude of the overshoots in response to favorable Py and P, are considerably larger than
those in response to adverse P, and P,. This bias is evident even into the far wake (2 <x <
4), i.e., the maximum amplitudes are larger than the minimum amplitudes; however, the
differences decay such that ultimately the wake achieves a periodic state in which Ucp,
Wep, and 6 all appear to oscillate with equal maximum and minimum amplitudes about the
deep (i.e., two-dimensional) solution. These trends are evident at all depths, but with
reduced amplitudes. The erroneous growth of 8* near the exit boundary is due difficulties
in accurately evaluating 8* over such large areas. Also, the results, in general, showed
some influence of the exit conditions over about the last half wave length.

Next, we consider the characteristics of the solutions through the use of the
PLOT3D color graphics. Figures 30 and 31 provide U- and - W-velocity componeit
crossplane contours for the boundary-layer and near- and intermediate-wake regions.
Figures 32 and 33 are similar, but are for the mean free surface and include, in the latter
case, the complete solution domain. The color coding for the contour levels are shown on
the figures. Note that - W is shown to facilitate the use of PLOT3D, i.e., in this case,
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negative values (blue colors) correspond to downward fiow and positive values (red
colors) to upward flow. Figures 34, 35, and 36 provide velocity vectors and streamlines
for the plate and wake centerplane, crossplane, and mean free-surface tlows, respectively.
The streamlines were generated through the use of the particle-trace capability of PLOT3D.
As will be apparent through the subsequent discussions, PLOT3D has proved to be an
indispensable asset for the study of three-dimensional flows.

Figure 30 vividly displays the earlier summarized wave-induced effects on the
boundary layer, which were described in detail by Stern et al. (1989). The U- and W-
veiocity contours clearly display their acceleration and deceleration phases, including the
depthwise decay of the wave-induced effects. The nature of the W-velocity component is
quite remarkable. Note the strong downward flow near A/4, the indication of S-shaped
profiles mear A/2, and the strong upward flow near 3A/4.

Figure 31 just as vividly displays the wave-induced effects on the near- and
intermediate-wake described earlier with regard to the present data and comparisons with
the calculations. Considering the U-velocity component contours first. The deep solution -
provides a reference for the characteristics of the recovery of the usual flat-plate wake,
whereas near the free surface, the wave-induced effects are evident. Note the
predominance of red and yellow indicating relatively high velocity and the associated bias
of the U-velocity component with regard to the favorable P,. The largest amplitudes (most
intense colors) are near the free surface and wake centerplane. Next, we consider the W-
velocity component contours. In this case, note the predominance of blue and green
indicating downward flow and the associated bias of the W-velocity component with regard
to the favorable P,. Here again, the largest amplitudes are near the free surface and wake
centerplane. A comparison of figures 30 and 31 clearly displays that the wave-induced
effects are larger and propagate to gr.ater depths for the wake in comparison to the
boundary-layer region.

Figures 32 and 33 exhibit the previously described wake trends in extrerne. The U-
velocity component is mostly red, whereas the W-velocity shows more blue than red. The
latter figure shows the complete solution domain and, thus, provides from the perspective
of the mean free surface, a display of both the nature of the periodic far wake and the
manner in which the periodic state is ultimately attained. In the near- and intermediate-
wake regions, the areas of red are larger than those of yellow for the U-velocity component
contours, whereas ultimately the two areas appear to be equal. Similarly, for the W-
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velocity component the blue areas are larger than the yellow areas, whereas ultimately the
two areas appear to be equal.

The plate and wake certerplane flow (figure 34) shows the streamline-convergence
and divergence associated with the acceleration and deceleration phases, respectively. The
crossplane flow (figure 35) shows the upward and downward flow patterns for the
crossflow. The mean free-surface flow (figure 36) is essentially straight with no
discernible displacement effect. Finally, the plate surface-pressure (figure 37a) and wake
centerplane-pressure (figure 37b) contours display the regions of favorable and adverse Py
and P, and their depthwise decay for these regions.

Figures 38 through 46 are similar in presentation to those just discussed, but for the
medium-steepness condition. The PLOT3D presentations clearly display all of the previous
conclusiozs with regard to the medium- as compared to the large-steepness condition, i.e.:
the rends are similar and consistent with those for large-steepness, except for reduced
deviations from zero-steepness due to the smaller Ak; and the bias of the near and
intermediate wake with regard to favnrable as opposed to adverse pressure gradients is
more exaggerated such that, in this case, the periodic state is not quite achieved at the exit
boundary.

In summary, the additionai :uibulent-flow computational results facilitated the
further study of the characteristics of the wake. The near- and interme..ate- wake regions
display a bias with regard to the favorable as opposed to the adverse pressure gradients
such that the overshoots in resg viise to the favorable gradients are considerably larger than
those in response to the advirs. gradients. Subsequently, there is a trarsition region where
the differences decay such that ultimately the far wake achieves a periodic state in which
Ucp, Wep, and 8 all appear to oscillate with equal maximum and munimum amplitudes
about the deep (i.e., two-dimensional) sclution. These trends are evident at all depths but
with reduced amplitudes. Although the magnitude of the wave-induced effects are smaller
for medium as compared to large steepness, the aforementioned trends appear more
exaggerated. Recall that the data confirm the computational trends for the extent for which
it was possible to perform the experiments.

Thus far, we have retained the terminology "near-wake region,” "intermediate-wake
region,” and "far-wake region," which usually refers to and is based on the two-
dimensional definitions given earlier in Section IV.B.2; however, it appears that these
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regions are not particularly relevant for conditions under which wave-induced effects are
significant. For such conditions, more appropriately, we redefine the near wake as the
region over the first wave length (1 <x < 2) in which the extreme acceleration occurs; the
intermediate wake as the region over the next-three to-five wave lengths (2 <x < 3-5) in-
which the transition occurs; and-the far wake as the region in which the flow ultimately
attains a periodic state (3-5 < x). The smaller and larger limits, respectively, refer to the
large- and medium-steepness conditions.

To the authors knowledge, this is the first ime that the phenomenon of a bias for a
wake with a spatially, oscillating pressure gradient has been identified. Although
overshoots are not unusual, e.g., as documented previously for the boundary-layer region
(Stern et al,, 1989) and in other applications such as duct (e.g., White, 1974) and
boundary-layer (e.g., Telionis, 1981) flows with unsteady, oscillating pressure gradients,
a bias, as documented presently, appears to be quite unique and has not received particular
attention in the literature. As an aid in understanding this phenomenon, some further
analysis was done of Lighthill's (1954) approximate high-frequency laminar-flow solution
fora flat-plate boundary layer with an unsteady, oscillating pressure gradient to include
second-order terms, which shows that 8%, in fact, displays a bias; although, in this case, it
is with regard to the adverse pressure gradient. Numerical turbulent-flow solutions have
shown a:similar trend (e.g., Patel and Nash, 1971). Notwithstanding the differences
between the two physical situations (i.e., unsteady vs. spatially oscillating pressure
gradient and boundary layer vs. wake), this previous work supports the physical
possibility of a bias such as the present one and suggests the conclusion that it is due to
nonlinear effects.

2. Laminar Flow

The extent and conditions for the laminar-flow calculations (figure 11b) were
similar to those for the turbulent-fiow calculations, exéept for the increased exit boundary x
= 10 and decreased Rej =2 x 104. The laminar-flow calculations are considered
invaluable; since, they represent solutions to the =xact governing equations, whereas the
turbulent solutions are dependent on the choice of turbulence model. Another very
significant contribution of the laminar-flow calculations is that they enable the prediction of
wave-induced separation, including the flow pattern in the separation region. Although the
previous laminar-flow calculations (Stern, 1986) were able to predict the wave-induced
separation point, they could not be continued into the separation region due to the use and
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limitations of the first-order boundary-layer equations. A detailed discussion of both the
previous calculations and the experimental observations of wave-induced separation was
provided by Stern et al. (1989).

First, we consider the large-steepness results, which are shown in figures 47
through 55. The formatis the same as that used previously for turbulent flow. The trends
for Uep are similar to those for turbulent flow; however, the extent of the region of
recovery for the vdeep solution and, consistently, the transition region are increased, which
was the reason for increasing the exit boundary. The magnitude of the wave-induced
-effects is similar to that for turbulent flow. The depthwise variations are not as gradual as
for turbulent flow, i.e., the largest variations are near the free surface and, subsequently,
decay quite rapidly towards the deep solution. Interestingly, the solution just-above the
deep one shows a reverse trend. The situation is similar for W¢, and 8%, but, in these
cases, in addition, the amplitudes are significantly increased. Also, note the extremely
Targe values of 8" near x = 1, associated with the wave-induced separation in this region.

The crossplane and mean free-surface contours indicate that all of the earlier
discussed trends are not only evident, but are clearly considerably magnified for laminar in
comparison to turbulent flow, no doubt, due to the increased three-dimensionality and
response to pressure gradients for the former condition. For the boundary-layer region, the
contours near the trailing edge are altered dramatically due to the effects of wave-induced
separation. Noteworthy are the-large bulges in the U contours associated with the rapid
thickening of the boundary layer in the vicinity of the separated-flow-region, including
islands of reverse flow, and the complex nature of the W contours, i.e., the downward
flow near the plate and upward flow in the ouier region. Recall that for the without-
separation condition the flow in this region is upward both in the inner and outer regions
(cf. figures 30 through 33). For the wake region, the contours are similar to those for
turbulent flow, except for the aforementioned differences. Here again, the mean free-
surface contours display the trends in extreme. The plate and wake centerplane,
crossplane, and mean free-surface velocity vectors and streamlines strikingly display the
profound effects of wave-induced separation. The plate surface-pressure and wake
centerplane-pressure contours are also similar to those for turbulent flow; however, the
pressure is reduced substantially in the separation region (cf. figure 37).

The study of three-dimensional separated flows is certainly one of the most difficult
topics of fluid mechani_s. Modern computational and experimental techniques will
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hopefully ultimately enable a more complete understanding and provide a theory for the
description of these complex flows; however, at present this is not the case as evidenced by
the wide variety of language and interpretations given to the seemingly infinite variety of
possible flow patterns. No attempt will be made here to review-the vast literature on this
topic, but rather deference will be made to recent review articles, i.e., Tobak and Peake
(1982) and Perry and Chong (1987) and work under another ITHR project on this topic,
e.g., Kim (1991). Herein, we shall simply attempt a description of the present wave-
induced separation using the language and concepts of the former two references.

A saddle point is indicated on the plate at (x,z) = (.791, .2361) and a focal point on
the mean free surface at (x,y) = (.705, .026), as displayed in figures 52 and 54,
respectively. In consideration of the existence of attachment and separation lines at the
leading and trailing edges, respectively, we see that the number of nodes minus the number
of saddles equals two; however, we are uncertain as 0 a known topological rule for the
present geometry, i.e., a three-dimensional body intersecting a free surface. The overall
separation pattern is classified as a global flow separation. Consistent with the presence of
a saddle-focus combination, the cro§splane flow (figure 53) clearly exhibits the generation
of a longitudinal vortex. As a further aid in understanding the nature of the separation
pattern, figures 56a,b,c display, respectively, particle traces in the separation region, the
limiting streamlines on the plate and mean free surface and vortex skeleton near the
separation point, and location of the separation lines and vortex center. One of the
separation lines originates upstream and at the mean free surface and disappears into the
saddle point, whereas the other originates at the saddle point and disappears into the mean
free surface and downstream. The portions of the separation lines above the saddle point
constitute the downstream and upstream faces of the region of reverse flow, which is seen
to be quite large. The angles between the separation lines are designated (c,$3,9,7)-which
have the values (121, 97, 59.5, 69) deg, respectively. On the mean free surface, the
upstream face, which demarcates the separation region and upstream flow, makes an angle
of about 12.5 deg with the plate, whereas downstream of the separation region the outer
and separated flows merge smoothly. The location of the vortex center was estimated from
the crossplane flow (figure 53). The vortical motion is counterclockwise with respect to
the flow direction and towards the free surface and clockwise with respect to the flow
direction and in the main stream direction above (i.e., in the reverse flow region) and below
the saddle point, respectively. Note that the vortex motion below the saddle point diffuses
rapidly due to the influences of viscosity and the adverse pressure gradient in this region.
The nature of the vortical motion was further explored through particle traces some of
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which are partially displayed in figure 56a. The wajectories correspond to the locations
(x,2) = (.8179, .1164) and (.8487, .1164) and y values across the entire domain, although
only a few of the trajectories are shown. The locations are labeled on figure 56¢c. At the
former location, initially, for .00212 <y < .0106, the flow direction coincides with the
limiting streamlines. Next, for .01272 <y < .01696, the flow changes direction and
follows the main stream. Then, for .01908 <y <.0233, the vortical motion is displayed,
which is upward towards the free surface and into the focus (white colored particle
trajectories). Lastly, for y 2.02757, the flow direction is the same as the main stream with
the transition occurring at y = .02545. At the latter location, initially, for .002154 <y <
.008614, the flow direction coincides with the limiting streamlines. Next, for .01077 <y
< .01938, the vortical motion is displayed, which is downward and towards the trailing
edge (yellow colored particle trajectories). Lastly, for y 2.02584, the flow direction is the
same as the main stream with the transition occurring in the region .02154 <y <.02369.
Additionally, particle traces were made for (x,z) = (.8179, .1969) and (.8432, .1969),
which, in both cases, showed that the flow directions close to the plate surface (y < .006)
coincides with the limiting stream lines, whereas the flow directions away from the surface
(y 2 .019 and y 2 .017, respectively) are the same as the main stream. Based on the
particle traces, a vortex skeleton was constructed as shown in figure 56b and it was
concluded that the saddle and focal points are separation and attachment points,
respectively.

Figures 57 through 65 are for the medium-steepness condition and, here again, the
format is similar in presentation to that used previously. As was the case for twrbulent
flow, the trends are similar and consistent with those for large steepness, except for
reduced deviations from zero steepness due to the smaller Ak, and the bias of the near- and
intermediate wake with regard to favorable pressure gradients is more exaggerated. In this
case, the transition region extends beyond the exit boundary. Also, wave-induced
separation occurs, but with reduced extent. The saddle point of separation and focal point
of attachment are at (x,z) = (.844, .044) and (x,y) = (.805, .004), respectively. The
location of the separation lines and vortex center for medium steepness are also shown on
figure 56¢.

In summary, the additional laminar-flow computational results also exhibit the
earlier discussed trends with regard to the wave-induced effects on the wake, which are, in
fact, magnified for laminar as compared to turbulent flow. Ferthermore, the laminar-flow

calculations enabled the study of wave-induced separation, including the flow pattem in the
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separation region. A saddle;))oint of separation-and a focal point of attachment are indicated
on the plate and mean free surface, respectively. As the wave steepness increases, the
saddle point moves downwards and towards the trailing edge, whereas the focal point
moves downstream and away from the plate surface. The U- and W-velocity components
display, respectively, flow reversal and S-shaped profiles. A longitudinal vortex is
generated in which the vortical motion is counterclockwise with respect to the flow
direction and towards the free surface and clockwise with respect to the flow direction and
in the main stream direction above (i.e., in the reverse flow region) and below the saddle
point, respectively. The identification of these features of wave-induced separation are
considered very significant and invaluable, but must be considered with some caution and
to some extent preliminary due to the approximate nature of the present free-surface
boundary conditions. This point will be discussed further next in Chapter V. However,
some partial validity is provided by the similarity of the present results for wave-induced
separation and the previous calculations and experimental observations of Stern et al.
(1989). In particular, the previously predicted separation starting points are similar to those
indicated presently [cf. figure 10 of Stern et al. (1989)] and the shape of the separation
region on the mean free surface is similar to that observed experimentally [cf. figure 9 of
Stern et al. (1989)].

V. CONCLUDING REMARKS

Detailed.experimental information has been presented which documents the effects of
waves on the wake of a surface-piercing body. The effects are shown to be significant. In
particular, the variations of the external-flow pressure gradients cause acceleration and
deceleration phases of the streamwise velocity component and alternating direction of the
crossflow, which results in large oscillations of the displacement thickness and wake
centerplane velocities as compared to the zero-steepness condition. In fact, the trends are
even more pronounced for the wake than found previously for the boundary-layer region
(Stern et al., 1989). Furthermore, remarkably, the wake displays a greater response, i.e.,
a bias with regard to the favorable as compared to the adverse pressure gradients.

The measurements have been compared with solutions of the Reynolds-averaged
Navier-Stokes equations and close agreement demonstrated, i.e., all of the experimentally
observed trends are predicted; however, there are, in fact, some quantitative differences. In
particular, the calculations have a tendency of overpredicting the wave-induced effects for
the axial velocity and underpredicting those for the crossflow. Consistent with the latter,
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the crossflow decay rate is also overpredicted. Although some of the differences can be
attributed to the-differences in the prescribed and experimental edge conditions, most of the
differences are considered attributable and indicative of the present numerical procedures.
In particular, the approximations embodied in the free-surface boundary conditions and
turbulence model and numerical diffusion. Further work is required in all these areas to
make a significant improvement in the computational method. With regard to the former,
laminar-flow calculations are in progress using first-, higher-order, and.exact treatments of
the free-surface boundary conditions, including investigations of free-surface conforming
grids, which are expected to be very helpful in this regard.

Some additional computational results have been presented for both turbulent and
laminar flow, which aid in explicating the characteristics of the near and intermediate wake,
the periodic nature of the far wake, and wave-induced separation. The near- and
intermediate-wake regions clearly display a bias such that the overshoots in response to the
favorable pressure grédients are considerable larger than those in response to the adverse
pressure gradients. Subsequently, there is a transition region where the differences decay
such that ultimately the far wake achieves a periodic state in which Ucp, Wep, and 6* all
appear to oscillate with equal maximum and minimum amplitudes about the deep (i.e., two-
dimensional) solution. These trends are evident at all depths but with reduced amplitudes.
Although the magnitude of the wave-induced effects are smaller for medium as compared to
large steepness, the aforementioned trends appear more exaggerated. Based on these
trends, the usual definitions for the near, intermediate, and far wake were redefined for
conditions under which wave-induced effects are significant.

To the authors knowledge, this is the first time that the phenomenon of a bias for a
wake with a spatially, oscillating pressure gradient has been identified. Although
overshoots are not unusual, e.g., as documented previously for the boundary-layer region
(Stern et al., 1989) and in other applications such as duct and boundary-layer flows with
unsteady, oscillating pressure gradients, a bias, as documented presently, appears to be
quite unique. Some further analysis of work done on the latter application supports the
physical possibility of such a bias and suggests the conclusion that it is due to nonlinear
effects.

The additional laminar-flow computational results enabled the study of wave-
induced separation, including the flow pattern in the separation region, which was shown
to be very complex and significantly different than that in this region for the without-
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separation condition. A saddle point of separation and a focal point of attachment are
indicated on the plate and mean free surface, respectively. As the wave steepness increases
the saddle point moves downwards and towards the trailing edge, whereas the focal point
moves downstream and away from the plate surface. The U- and W-velocity components
display, respectively, flow reversal and S-shaped profiles. A longitudinal vortex is
generated in which the vortical motion is counter clockwise with respect to the flow
direction and towards the free surface and clockwise with respect to the flow direction and
in the main stream direction above (i.e., in the reverse flow region) and below the saddle
point, respectively. The identification of these features of wave-induced separation are
considered very significant and invaluable, but must be considered with some caution and
to some extent preliminary due to the approximate nature of the present free-surface
boundary conditions.

As was the case previously for the boundary-layer region (Stern et al., 1989), we
have been able to explain most of the experimental and theoretical results solely with
reference to the external-flow pressure gradients and without fully taking into account the
free-surface boundary conditions. Stern et al. (1989) conjecture that the effects of the
former may be predominant, except for detailed structures close to the free surface such as
wave-induced separation, which were felt to depend very much on the free-surface
boundary conditions as well. The present study supports this point of view and,
furthermore, suggests that pressure-gradient effects may also predominate many aspects.of
wave-induced separation. However, more detailed experiments and calculations with more
exact free-surface boundary conditions and appropriate turbulence models are required to
confirm this.

With regard to the direction of future work, turbulence measurements both for the
boundary-layer and wake regions would be very valuable as would detailed measurements
very close to the free surface and measurements of the wave-induced separation flow
pattern and of the far wake. Experiments using the present foil-plate model geometry and a
laser-velocimetry system are being planned to obtain this type of informatior., however, it
should be recognized that performing measurements such as these are, in fact, quite
difficult in a towing-tank environment. As already pointed out, further calculations,
including more exact treatment of the free-surface boundary conditions are essential, and in
progiess. Lastly, analytical and numerical studies for two-dimensional boundary layers
and wakes with spatially, oscillating pressure gradients may be helpful in the further
understanding of the bias phenomenon identified herein.
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Table 1. Under-relaxation factors and total number of global iterations

Parameter Turbulent ) Laminar
Ak 0 11 21 0 11 21

o, (plate) 1 01-.1 .01 2 .001-.2  .0001-.01

o, (wake) .05 .002-.05  .005 15 .001-.15  .01-.05

ou,v,W 1 1-1 25-.1 .1 1-.25 .05-.5

op | 1 01-1 01-1 | .1 1-1 01-.1
op .5 .0001-.5 .001-01 | .025  .0001-.25 .0005-.05
it 200 1200 800 150 900 1200
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Figure 63. Crossplane flow.
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(b) streamlines

Tigure 64. Mean iree-surface {Tow.
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Figure 65. Pressure contours.
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