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1. RESEARCH PROGRAM AN PLAN

.
.

The objective of the research pr,ogran& is to obtain analytical and
experimental' data-that can be used for predicting the concentration (as a
function of downstream distance) of a passive tracer released into tlvs wake
5 of a self-propelled body travelling through a stably-stratified medium, To
.‘Eﬁ achieve this capability; information is required on the wake shape and size,
The experimental approach utilizes a stratified flow in which a composite
3 grid is oscillated to produce a steac :state counterpart of the momentumless
wake of a self-propelled body., A pH sensitive indicator in which local color
-.changes are generated at the grid by electrical impulses is used for direct

observation of the wake development, diffusion and subsequent vertical collapse

Raciyoi plaidy

as the stable stratification counteracts the wake turbulence,

£
-

2. EXPERIMENTAL TECHNIQUES

A schematic arrangement of the flow system used for the experiments
is-given in Figure 1. The tests were performed in a water tank (210 x 10 x

10 cm) in which a stratified flow with a very nearly linear temperature gradient
3 is generated by the mixing of streams f water at different temperatures. The
degree of stratification is detzrmined by continually measuring the verticai
temperature profile through the use of smal’ thermistor beads that traverse

the depth of the water at selected locations at regular intervals.

: The velocity of the flow is measured by tracers that are neutrally

é buoyant at every point in the fluid. This is necessary because the motion of
a constant-density dye would be influenced by the density gradient, giving a

E' distorted velocity profile. The technique1 2 is based on the color change of

an indicator solution when the hydrogen ion concentration (pH) is changed at
a test point. The solution used consists of water containing 0.01% thymol
blue. It is titrated to the end point by adding a small amount of hydrochloric
acid and is 1nitially bright orange in color. Fine tungsten wires stretched

vertically across the water act as cathodes, and the anode is formed by a
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stainless steel wire along the taik bottom. Application of brief voltage pulses
(90 volts) to the two clectrodes reduces the hydrogen-ion concentration at the
surface of the tungsten wire corresponding to a local increase in pH. Columns
of dark tracer tluid are formed at the surface of the tungsten wire and move
with the fluid to yield vivid velocity profiles. Typical flow speeds are about

one ¢m/ sec,

As shown in Figure I, a wake analogous to that of a sclf-propelled body
is generated in the water channel test section through the use of an oscillating
grid approximately one quarter inch in diameter. The grid is pulsed clectric-
ally to produce a local pH - color change which traces the wake growth down-
stream of the grid. Measurements of the wake dimensions in both the hori-
~ontal and vertical planes arc made at different distances from the grid for
both unstratified and stratified flow. In the unstratified case, the wake cross-
gcction at any point is circular, When the flow is stratified, buoyancy causcs
the wake, which initially grows at the same rate in all directions, to collapse
in the vertical direction and flatten out horizohtally prodicing a very wide

and thin elliptical or rectangular shape,

The determination of the wake dimensions as a function of wake position.
and ambient stratification 1s vital for the prediction of the concentration of a
passive tracer released at the body. The rescarch discussed in this report

has been directed towards this objective.

3. WAKE GROWTH IN UNSTRATIFIED FLOW

The growth of a wake downstream of a body travelling through a
muodium o which there is no temperature gradient has been well documented
i the literature. Theoretical analyses along with low-speed tests in water
and hypersonic tests in ballistic ranges and wind tunnels have established

relations for wake growth of the form

{. Cox v ,
T KT )

[
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where 'ﬂw is the wake width (circular), D the.diameter of the body, G

the drfag coefficient of the body aiid X the distance in the svake from the body.
For unpropelled hodies, measurements of the turbulent wake growth rater
vield values of about unity for K and 1/3 for the exponent n , in good agree-

ment with theorétical predictions.

For thé turbulent'wakes of bodies with hydrodynamical self-propulsion,
theoretical a.halyses3 yield values for n of 1/4 for plane flow and 1/5 for
axially symmetric flow, At large distances behind the body, the wake may

asymptote to a constant size4. although this has not been verified experimentally.

Various attempts5 -9

to model a submarine wake have bee.i reported in
which a two-dimensional unsteady flow is produced thxough the use of paddle-
- type mixers in a tank containing quiesceat water. In these instances, the
time ¢ after mixing is equivalent'tc the distance in the wake % in Equation (1).
. It has been observed on the present research program that these measarements
can be plotted in the form 4,/0 vs. ¢/D for the cases in which the water
is unstratified to give good correlation of the data, with 4 /D being propor-
tional to (t/l))”3 + The velue of 1/3 for the exponent is high and indicates
that the mixed regions generated in the two-dimensional unsteady experiments
are not strictly equivalent to those at large distances behind a self-propelled

body, the wake of which would grow at a much slower rate,

In Figure 2, it is shown that tests reported by Scheoley and Stewartl‘O
using a self-propelled model yield a wake in unstratified water that can be
correlated by a relation %:1.0(%—),I33btained for hypersonic spheres. The
high r-alue of 1/3 fo1 the exponent indicates that the wake growth in this case
is aetermaned largely by the effects of body drag and the propeller. Similarly,
experiments Naudascher, * utilizing a jet-disc model in air to produce a
steady -state counterpart of the momentumless wake of a self-propelled body,
give an mmrial growth rate of %’-‘»15(%)2/5. This very rapid growth may be
due to the influence of the jet for which the exponent n  has a value of unity.

Fur distances in the wake greaser than about 20 diameters, the wake growth in
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,/ e
Naudascher's experiment can be represented by %‘3% 1.2(%/D) ‘consistent with

the growth rate anticipated for a momentumless wake,

In addition to the interpreétation of previous work on marine wake simula-
tion in terms. of power law growth rates, measurements have been made of
the wake growth downstream of an cscillating grid in a one cm/sec flow of un-
stratified water, The wake growth observed using the pH-color change tracer
is plotted in Figure 2 from which it is observed that the wake diameter can be
expressed by the relation % %2 7-3(Z/D)V4. The wake .diameter reaches a size
©of roughly four times the grid diameter at one hundred grid diameters-down-
stream. The value 1/4 for th¢ exponent is closer to the value anticipated for
the wake growth rate behind a self-propelled vehicle than the value 1/3 observed
in other simulation experiment~, 'The measurements indicate that the wake
may reach an asymptotic size although further tests are required to ciarify this
point,

Computer results from the theoretical -analysis of Ko 1 are reported
in the form of several different curves for Froude numbers, Fr of 0,5, 1.0
and 10,0, It 1s shown in Figure 2 that these can be expressed by one curve
of the form -8-5-‘- = 1.25 (x/D)°* during the early growth period
before the effects of stratification are felt. This relation compares very well

0.25 ] .
with the equation %‘” = 1.3(%x/D) observed in the present experiments
for unstratified flow.

The energy of the turbulence generated in the wake by the oscillating
grid can be estimated by using the oft-verified result w' =% d#,/dt , where
w' is a characteristic turbulent velocity fluctuation, and 14,,, is the width
of the wake. For the growth rate observed in the experiments, i.e. %": 13(76/D)’/"'

‘

. -y , ,
this yields %},‘ = 0.325(%/D) ™ for the rate at which the turbulence intensity

decays downstream of the oscillating grid, In Figure 3 this relation for '
is shown to agree remarkably well with Naudascher‘s4 hot wire anemometer
measurements of the turbulence intensities u’, v', W' on the axis behind

a jet-disc model which is used to simulate the momentumless wake of a
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self-propelled body, This agreement confirms the hypothesis that the energy :
of the turbulénce 4t diffevent positions in the wake can be estimated from

measurements of the rate at which the wake dimensions change with time. A

The results obtained from thedaboratory measurements of wake growtn
and turbulence intensity, shown in Figures 2 and 3, can be used to estimate
the size and enérgy of the wake of a submarineitravelling through an un-
stratified ocean. The predicted diamseter of thé wake behind a typical vehicle
would increase from 150 feet at two milés downstream to 225 feet at ten miles,
In the same distance, the turbulent velocity fluctuations in the wake of a
vehicle travelling at 10 knots would decay from approximately 2.5 cm/sec
at two miles to 0,5 cm/sec at 10 miles, The wake energy represented by
the square .of the turbulence velocity plays an important role in determininy

the collapse of the wake when the flow is stratified,

4. STRATIFIED FLOW-WAKE COLLAPSE TIME

The wake of a body travelling through an environment that is stably
stratified can be profoundly influencéd by the density gradient. Immediately
downstream of the vehicle, the wake, which may contain fluid of nearly
constant density, will grow at the same rate in all directions, as in the un-
stratified flow case, (Figure 2), However, as the turbulent energy of the
wake decays with increasing distance from the body (Figare 3), the restoring
action of buoyancy begins to inhibit the vertical expansion of the wake and at
the same time enhances the horizontal growth. At some point behind the
body, the wake reaches a maximum vertical size followed by a collapse as
the flu* returns under the action of gravity to the level at which its density

is the ssame as the environinent.

Many investigationss'lz, primarily two-dimensional unsteady ones,
have been directed toward determining the distance ur time {rom the body to
wake collapse. A parameter used to characterize the phenomenon 1s the

Brunt-Vaisala period T defined by Eguation {2).
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where 4¢Q /32 is the ambient density gradient.

Since T is the period at which a pafcel of displaced fluid- oscillates
about its equilibrium-density position, it would be reasonable to expect that
the time to wake collapse t, would'be a function of T . In a recent re-
view by S_undaraml3, appanently conflicting results were presented in an
attempt to relate t, to T . However, it w.s observed on the present
research program that this disagreement among results f1.om different in-
vestigators can be attributed to the fact tha: Van de Watering5'8 expresses

]

the Bruat-Vaisala period per vad’an and Schooley per cycle. In addition
. Schoolsy measures the time to collapse tc from the start of mixing and
Van de Watering from the end of mixing. As®shown in Figure 4a,
this.can seriously inilyence the results since typical values for T are
between 5 and 24 sec/cycle with a typical mixing time of three seconds.
When allowance is made for the different definitvio'ns of T and zero time
in Figure 4a t./T from/the two-dimensional unsteady experiments is
observed to lie between 1/ and /2 at low values lor T where the mixing
time is equal to or greater than T, . Since the mixing time becomes a
decreasing fraction of the collapse time with increasing T , the ratio
t./T approaches a value of 1,3 at T ~ 24 sec/cycle, the upper

limit of the measurements. For the experimcntslo

with the self-propelled
model in which the mixing time is very small relative to the Brunt-Vaisala
period T (which itself is only three seconds), t. /7 in Figurc 4a also

14,15

equals 1/3. Measurements reported for towed plates are al.o shown

to give approximately the same value for the ratio tc/ T in Figure 4a.

In the present series of experiments, the wake grows downstream of
an oscillating grid that is operated continuously in a flow of thenmally-
stratified watexr as depicted in Figure 1, Possible influences of mixing time
. are eliminated and the collapse of the wake is not constrained by the presence

of the mixer in the center as in the two-dimensional unsteady experiments.
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M:asurements were performed for Brunt-Vaisala periods between 8 and 60
extending the rahge in T closer to the high values (in the hundreds) measured
in the ocean. The results shown in Figufe 4b indicate that the collapse time
is roughly one-third the Brunt-Vaisala period over the complete range of T.
It should be emphasized that the collapse tirze in all the experiments is only.

an approximate quantity since the arresting of the vertical wake growth

followed by the collapse is a gradual process spread out over a considerable

period of time.

5. WAKE DIMENSIONS DURING COLLAPSE

5.1 Analysis 4 -

To predict the concentration of a passive tracer introduced in the wake
of a self-propelled body travelling through a stratified medium, it is first
necessary to establish methods for predicting the size of the wake. As part
of the present progtam of research, a theoretical analysis of waké cnllapse
was carried out, by assuming that in the vicinity of collapse, the turbulent
energy in the wake {(which makes it grow) is equal to the potential energy
(which makes it collapse), For a wake of rectangular cross-section with a
linear density gradient, the pntenual enérgy can be approximated by ﬂftQ(OL /Q)g /12
and the kinetic energy by #£Q (w)® Ig / ? where #V is the vertical height

of the wake, ﬁﬂ is the horizontal width, @ is the ambient density, W' is the
L1 2®
3@ Q 'JZ
is the ambient density gradient and /5 z 5 771 is the density gradient in the

turbulent velacity fluctuation, ? is the acceleration due to gravity, o
wake caused by the mixing., If the wake were completely mixed, /3 would
equal zero and the wake would have a constant density, The assumption of

a rectangular wake will be shown later to be reasonable, The representation
of the potential and kinetic energies by the above expressions should be
regarded as giving a parametric rather than an exact dependence. Equating
the twe approximate equations for the kinetic and potential energies yields

the following relation for the vertical height of the wake,

2 é:(u.')2 3)
v ?((x - )
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It has been established in Figure 3 for momencumless wakes in un-
stratified flow that the turbulent intensity W can be ejuated to the wake
growth rate by won %{%"3’ . This relation combined with Equation (I},

and taking ¥ =ul wheve W is the vehicle velocity, yields

LR
S

.
8

= 5 | (4)

Combining Equations (4), (3) and (2) gives

- 3 > (5)

In other words, the ratio of the vertical width -#\,

stratified flow conditions to the width %w

of the ware vunder

when the flow is not stratified
cap oe expressed as a simple function of ¢ /7T (the ratio of tirne t = 2/

between the body and the wake locationto T  the Brunt-Vaisula period).

T . 2
The degree of mixing in the wake enters in the term (1- 'g') .

Justification for the t/T7  scaling can be obtained by noting that

interactions involving flow stratification arc often characterized by the

Richardson number K. which can be defined as
2
po_ o 1 3¢
. () e z (6)
8
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The parameter t/ T is directly related to k. since Equation
(6) leads to
2
_q2n 1
s (5 7) g

The effect of mixing on thé tiine to wake collapse 1,
mined by taking -;Z—’& < 1.0

oo

can be deter~-
in Equation (5). This yields

t. _ o0.40n
T - By (3)
(- &

In Figure 5, the ratio %,/T is plotted against the degree of mixing

/3/0(- for 1 equal to1l/3 and }/5. For the completely mixed case,

(/S/oc = 0, and n=1/4), t./T = 0.10 whereas for the slightly
. mixed case , (5/o = 0.9), t./T = 0.32 ,which is the value observed in Figure 4
& which best correlates the available experimental data on wake collapse,
As shown in Figure 5, almost an identical variationin t./T with
b ﬂ/OL has been observed in the computer resulis from Ko's!!

analysis in which the value of A/ = 0.9

theoretical
best fit the measurements,

5.2 Measurements of Wake Collapse

i In addition to the analysis of marine wake collapse and the correlation of
s

earlier results carvied out on the present contract, measurements of wake
growth and collapse weve obtained for Brunt-Vaisala periods up to 60. This

compares with a value of 3 for the self-propelled model experimcntsw

and
il 6 to 24 for the two-dimensional unsteady experimentsb'9

that are influenced
by the mixing time and the presence of the mixer at the center of the turbulent

region. The preseni experiment was run continncusly with the tenmiperature
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gradient allowed to decrease gradually with increasing time so that T
varied from about 8 sec/cycle at the start of the experiment to 60 at the
end, several‘hours later. During this period, the wake collapse was

observed to move downstream as predicted by the relaticen tc/T = 1/3 ,

Measurements of the vertical and horizontal growth of the wake,
obtained using the pH - color change technique and the experimental config-
uration shown in Figure 1, are presented in Figurec 6 for a Brunt-Vaisala
nweriod of 55. From the gridto an Z/D of 15 which corresponds to a value
for t/T of 0,15, the vertical #, and horizontal #, size of the wake
are approximately equal to the diameter #“, measared in the un-
stratified flow case, Figure 2, Further downstream, the vertical size of the
wake reaches a maximum of about three grid diameters and then decreases
as the wake collapses. At the same time, this causes the horizontal extent
of the wake to grow at a faster rate than observed in the unstratified flow

case. The vertical size of the wake appears to reach an asymptote of roughly
1.7 times the grid diameter by a time ,f about one Brunt-Vaisala period.

The cross-sectional area of the wake calculated from the measurements
in. Figure 6 is shewn in Figure 7 as a function of time after wake generation.
The wake area A,,  is normalized by the area oi the grid Ay . For

w

unstratified flow, the circular wake grows according t» the relation % =
D

(1.3)° %—)1/2 obtained from the measurements in Figure 2. For stratification,
an assumption must be made concerning the shape of the wake, Ko“ assumes
an elliptical wake. In Figure 7, this assumption is shown to lead tuv an un-
realistic decrease in wake area just after collapseat t/7T = 1/3 .

The same behavior is observed when the wake arza is calculated for
measurements reported by other mvestigatorss'lo. A rectangular wake

will naturally give values for A, which are too high at collapse but which
will likely be realistic at later time. The most probable variation of wake
area with time is shown by the dotted line in Figure 7, The initially circular
wake starts to collapse in the form of an ellipse but quickly approaches a
rectangnlar cross-section, Ko‘su assumption of an ellipse after collapse
could account in part for the fact that his analysis predicts horizontal wake

dimensions somewhat greater than those measured at long times after collapse.
g I p
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5.3 -Correlation of Measurements of Wake Size

In the analysi¢ of wake collapse described in Section 5,1, it was
established that tké ratio of the vertical wake siZe to the diameter in
unstratified flow, ﬁv / '[}“, was inversely proportionai to t1/7,
the ratio-of the time after wake generation {x/ w) 4o the Brunt-Vaisala
pericd. The present n.easurement frorm Figure 6 oi wake dimensions
during collapse for ~"=55as well as those repaeted by four different invest-
igators6hlo cover, g a range of Brun.-Vaisala period from 3 to 24 are
correlated well when plotted in Figure 8 in the form %V / f“, against

* T, The results include mea.arements from self-propelled modcl tests,
twe~dimensional unsteady experiments and the present experimental configura-
tion shown in Figure 1,

Cnrves of %v /'z’ru vs 1 /T obtained {rom Equation 5 are plotted in
Figure 8 for different values of /A /& , the ratio of the density gradient
in the wake to the ambient gradieat. Comparison with the experimental data
yields a value for the degree of mixing /00 of roughly 0.90 to 0.95
which indicates that the wakes studied in the laboratory are only slightly
mixed. In Ko's invesligation curves are plotted for Ao =0.9
showing wake growth and collapse for Froude numbers between 10 and 1/2
whigh correspond to Richardson numbers defined by E-quation (6) between
107

in Figure 8 into one curve falling through the experimental data, As a result,

and 4,0, Using the present analysis, these curves ave nearly collapsed

the prediction of wake dimensions during collapse can be considerable simplified
B p p

using the 4, /ﬂw vs t/T scoling,

The observation that the dv gree of nuving 1 the wakes 1s slight,

Ba ¥ .4 to 95, needs to be qualified somewhat, In all the measure-
ments, such as those i Figure 6 and Figure 8, stratification affects the
imtial growth rate unly shghtly so that 1‘:\ / 1;,, 09 to 1.0 up to
collapse at t.77 = 03 « The density gradient inside the
wake at this tune and not that at t o determines the wake collapese.

Keferring to Figure 7, the wake area at t,/7 ¢ 31s roughly ten times the
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area of the body. Initially at t=0 , the wake may well have been completely
mixed with B/0t= 0. However, with growth, the entrainment of such a large
quantity of ambient fluid into the wake would be expected to produce a

density gradient at collapse 1.5t much different from the ambient gradient,

as observed. This point requires further investigation.

As the wake collapses vertically, the horizontal growth rate is
enhanced so that the horizontal width Zg; becomes greater than the
diameter in unstratified flow #,, . The ratio f&/ﬁw drom the present das
6-11 i

well as other investigations is correlated quite well in Figure 8 by the

parameter t/T and reaches a value of about 1.5 at t/T=2 compared with
the vertical size 4,/{,,':1/3. In other words, the wake width at this point
is roughly five times the wake height, Ko's theory is shown in Figure 8
to overpredict the horizontal wake size for t/T greater than about 0.7.
This is probably due to Ko's assumption of an elliptical wake, although

the presence of the sidewalls may have restricted the horizontal growth
in some of the experiments.

5.4 Prediction of Wake Dimensjons during Collapse

Combining Equation (5) with the measured growth rate in unstratified
flow Lo - K(x/D)"

i yields a relation for predicting the vertical extent
of a wake during collapse,
4, _ o.40Kn (_}_)Y‘"
uT VAR D (9)
(- %)

In Figure 9, ﬁ,/u.T is plotted apainet X/D . For comparison, I(o's11
theoretical curves from wake collapse on downstream for Froude numbers
of 0.5, 1.0 and 10 are also given in the figure, When plotted in this fashion,
Ko's results for different Froude numbers fall iito one curve given by

b, /ul = o057 (n/0) s . For the present analysis, as shown in
Figure 9, this correspsnds to Equation (9) with K - 1.3, 3/ = 294, and

v = 1/5 ., A siuaple scaling law for the post collapse bzhavior of the

wake is thus obtained from the two analyses when the vertical size of
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the wake is normalized by wT , Scrae uncertainty exists over the values to

be used for K and n while the dégree of mixing in the wake /3/¢0. needs to be
investigated.

In Figure 10, a comparison is made between predictions of the
vertical dimensions of the wake using Kots ! computer analysis and the
power law growth rates developed on the present program, The vertical
size 4,/D is plotted against wake positioh %/I] for wT/D=250 The parameter
ut/D is inversely proportional t. the square root of the Richards<a number,

For typical ocean conditions and submarine dimensions, a value of 250 for
UT/D corresponds to a submatine speed of roughly five knots,

The curve for unstratified flow, %, /0 = K (x/D)" plotted in
Figure 10 gives the extent of the wake up to collapse, A family of curves
obtained from Figure 9 for different degrees of mixing /5/06 gives the size
of the wake after collapse, Comparing the A/o = 0.94 curve with Ko’s'li
analysis, shown by the dotted line in ¥'igure 10, excellent agreement is ob-

tained except in the immediate vicinity -of collapse. At the intersection of

the unstratified flow and post collapse curves, a maximum difference of roughly
12% is obsefved, Clearly, a fairing of the two power-law curves would give
closer agreement with IK6's result in this region,

6. APPLICABILITY TO SUBMARINE VEHICLES

In the past, turbulent wake growth rates measured in ballistic ranges
and in smdll scale laboratory investigations of unstratified flow over fixed
models have been used successfully to predict the wake growth for full-scale
unpowered reentry vehicles. In a similar manner, the laboratory measure -
ments of grid generated turbulence can be used to predict the wake girowth
behind a self-propelled submarine vehicle using Equation (1) up to collapse
(t. /T =~ 1/3)and Equation (9) downstream of collapse, Using the best
values prasently available for the uncertain parameters in those equations
(K=1.3,n:1/4 vy 2 0:93), 1t is possible to estimate submarine wake dimen-
sions for lifferent speeds, diameters and ambient stratification. In addition,
the effect of varying the parameters K , n . and éi

determined from theory
and experiment can be calculated.

13
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~Up-to collapse, the wake is taken to be circular with

—goo uwt Y4
T - LB(ET( (10)

To estimate the vértical extent of a wake during collapse using the
power-law analysis, values for K=1.3,n=1/4 , and B7d= .97, are substituted
inta Equation (9) tosgive

G . s (2/D)
T T (11)

Noting that %= wt and normalizing by the diameter I gives

'g'v a of W K -3 12
5= os0T () ¢ (12)

To predict the horizontal extent of a wake during collapse, use can be
made of the correlation of measurements in Figure 8. The data can be
fitte(l: by

‘gﬁ %
Y X
Z, 155 () (13)
Combining this with the unstratified growth rate, Equation (10) gives
5:;‘ U Y4 172
= v 2.0 [ — t
D 75) (14)

Referring to Equations (12) and (14), it is observed that both the
vertical, #v , and horizontal, ‘#.g_ , dimensions of the wake vary
weakly with the submarine velocity w being proportional to u, Asa
consequence, measurements of wake dimensions at the same time after
submarine passage would not be very sensitive to the submarine velocity.
As expected, the vertical extent of the wake is very sensitive to the ambient
stratification being directly proportional to the Brunt-Vaisala period T.
Note that the vertical size of the wake decreases with £* while the
horizontal size increases with t"2 | At first glance, this would indicate a
decrease in wake area with time during collapse., However, as shown in

Figure 7, the wake cross-section is probably changing from elliptical to
£ ging t

14
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5 rectangulair during this time so that, in fact, the wake area is increasing.
b

In addition, in Figure 8 it can be seen that 'ﬁv/‘[?w breaks away

- t .\~
from the (£ /T)" decay rate to a move gradual fall of the form %L v.4(F) .
.4
3 Combining this with Equation (10) yields
3 T A
%, 0.52(% ) (15)
‘ D D

Equation (15), which requires further verification, gives a relation for
the asymptotic vertical wake size #f . For the conditions of the present
1 experiment, « - 1.1 em/sec, D 0,6 em, and T - 55 sec., %T 100, As

shown in Figure i, Equation (15) gives .an asymptotic wake height ir‘{/D of
1.6 compared with a measured value of 1. 7 in Figure 6.

For Schooley and
Stewart“s1

scli-propelled model experiments in which w 4sem/sec, D 2.2 ¢,

and T = 2.8 sec, cquation (15) gives a value of 1.4 for {3;/ ‘D
to hat measured.

pad Ll

equal

A similar relation can be obtained for the maximum vertical extent
of the wake by substituting t., T = 1/3

r %
m

from Figure + into

1 equation (10) and noting from Figure 8 that ‘f,,, ‘ ‘f:d, v .Y to pive
.\ g
F ing o 0.9 (QT)
D b (16)
i
4 For the present experiment, equation (16) as shown in Figure 1l gives
/4 q « « -
lem/D v 2.8 compared with a measured value of 2.9 while for Schooley and
Stewart's tests the measured and estimated values are both 2.4,
[ s il . s . ‘s
: Ko's" " analysis can be shown in Figure 11 to give the same variation
of gm D with UT/D although the values of b /D are slightly lower then

s . . . . /
those observed, In addition, Ko's analysis predicts values of 7, /D less

than those measured in the region where an asymptote appears to be reached,

This could account in parct for Ko's analysis overpredicting the horizontal

. . 8 .
1 extent of the wake, Van de Watering ot al™ report measurements of %,,, D and lef/ﬂ
£
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in térms of the initial waké growth rate. Use of Ko's .assumptions: that U-'/UL
=-0, 25 initally for Van de Watering's measurements gives values of UT/D
between 2 and 10, which would correspond to submarine velocities of less
than one knot, Van de Watering's measurements also yield the (U7/D) "*
variation-given in Figure 11 in which his measurements at e highest value

of UT/D =10 are shown to agree well with Equations (15) and (16).

As shown in Figure 12, equations 10, 12, 14-16 can be used for pre-
liminary estimates of the growth of the wake behind a submarine travelling
through a stratified ocean. Parameters chosen for the-calculation are a
submarine velocity U of 12 knots, a diameter D of 25 feet and a Brunt
Vaisala period T of 12 minutes. Referring to Figure 12, the wake grows ini-
tially in a conical manner and reaches a. diameter of about 100 feet at two
minutes. A ‘maximum vertical heightof about 110 feet is reached: between
three and five minutes followed by a collapse to the asymptotic vertical height
of approximately 60 feet at fifteen minutes. During this collapse phase, the
horizontal growth rate is enhanced so that by fifteen minutes the wake is
roughly 260 feet wide. After collapse, the horizontal width would continue
to increase but at a slower rate than during collapse. At the present time,
the width is taken to grow as t'%, the unstratified flow case, This is probakly too

high because of lack of vertical entrainment but further investigation is required,

By forty minutes after wake generation, which corresponds to a position
nine miles downstream of the submarine, the wake is estimated to be roughly
300 feet wide and 60 feet high. From Figure 3, the turbulent velocity in
the wake at this time is estimated to be of order 0.5 cm/sec so that subse-
quent dispersion of the wake constituents would depend on the background

ocean turbulence.

Estimated extremes in horizontal and vertical sizes can be calculated
{rom the equations developed, For a submarine moving very slowly (w= 2
krots) through a highly stratified ocean ( T = 5 min. ) » the wake height would
be 30 feet. Ia contrast, a fast submarine (W= 25 knots in a slightly stratified
ocean (T = 20 min) would produce a2 wake 90 feet high, A wake 450 feet wide
would be produced for w = 25 knots and T = 5 min. whereas the width would
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be only 150 feet for U = 2 knots and T = 20'min.

With an estimate of the size and shape of the wake available, prelim-
inary predictions of the concenttation of a passive tracer introduced at the
submarine could be made. It would be reasonable to anticipate maximum
concentrations on a vertical line at the wake center and some form of expon-
ential decay ir the horizontal direction to zefo at the wake edge with:little
variation in the vertical direction. Quite high values oftracer concentration

would conceivably be observed at large distances from the submarine.

7. SUMMARY

During the reporting period, experiments have been performed in
which a grid is oscillated in a stably-stratified flow to produce the steady-
state counterpart of the momentumless wake of a self-propelled submarine
vehicle. A pH sensitive indicator has been used as a neutrally buoyant
tracer to visualize wake development and subsequent vertical collapse as the

wake turbulence is overcome by the buoyancy gradient.

The wake growth before and after collapse and the distance to collapse
have been correlated by using power laws previously applied for the wakes of
re-entry vehicles and a theoretical analysis of marine wake collapse developed
under the present program. The theory is based on the balance,at wake
collapse,between the potential energy of the mixed fluid and the energy of the
turbulent velocity fluctuations in the wake. Experimental data available from
the literature, as well as that obtained in the present program, have been
used in the correlation. In its most fundamental form, the correlation gives

the ratio of the vertical extent of the wake in stratified flow to that in un-
stratified flow as a function of the ratio of the time in the wake (measured
from the body) to the BErunt - Vaisala period. Although enhancement of the
horizontal wake growth due to vertical collapse has been observed, the area
of the wake is considerably less than that for unstratified flow. From the
measurements and analysis, equations have been developed for predicting
submarine wake dimensions as a function of submarine size and \elocity,
ambient stratification, and time after submarine passage, The estimated

submarine wake dimensions are of the correct magnitude although the equation
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should be regarcféd as preliminary since further investigation is required in
-several areas, The very flat and wide wakes observed due to strati-
fication lead to the estimate that the concentration of a passive tracer intro-
duced into a submarine wake would remain high for long times after sub-

marine passage.
REFERENCES

1. Baker, D. J., "A Technique for Precise Measurement of"Stnalk Fluid
‘Velocities, " J. Fluid Mech. 26, 573, 1966.

2. Merritt, G.E. and Rudinger, G., "Thermal and Momentum Diffusivity

Measurements in a Turbulent Stratified Flow,'" AIAA Paper No. 72-80,
AIAA 10th Aercspace Sciences ZMeeting, San:Diego, Jan. 17-19, 1972,

3. Birkhoff, G. and Zarantonello, E.H., ""Jets, Wakes and Cavities, "
Academic Press Inc., 1957. )

4, Naudascher, E., "Flow in the Wake of Self-Propelled Bodies and
Related Sources of Turbulence," J. Fluid Mech. 2, Part4, 625, 1965.

5. van de Watering, W.P.M., 'The Growth of a Turbulent Wake in a
Density-Stratified Fluid, " Hyaronautics, Inc. Report 231-12, 1966

6. Schooley, A.H., "Wake Collapse in a Stratified Fluid," Science 157,
421, 1967,

7. Schooley, A.H., "Wake Collapse in a Stratified Fluid: Experimental

Exploration of Scaling Chavacteristics,! Science 160, 763, 1968.

8. van de Watering, W.P.M., Tulin, M.P. and Wu, J., "Experiments
on Turbulent Wakes in a Stable Density-Stratified Environment,"
Hydronautics, Inc. Technical Report No, 231-24, 1969.

9. Sundaram, T.R., Stratton, J. and Rehm, R.G., "Turbulent Wakes in
a Stratified Medium, " Cornell Aero. Lab. Report No. AG-3018-A-1,
Nov. 1971.

10, Schooley, A.H. and Stewart, R.W., "Experiments with a Sel{-Propelled
Rpdy Submerged in a Fluid with a Vertical Density Gradient," J. Fluid
Mech. 15, Part I, 83, 1963.

11. Private Communication, D. Ko, TRW Systems, Redondc Beach, Calif.

18




A
b P

T AR

VT R

sl £

T
Al

T m‘vﬂ’z,lwg;’iwm?'," S"&?’"’-} T
A v

T SR T o b, il b i3 (e it St

12.

13,

14,

15.

e s s — 7 WP Vot w s s o e s

ONR Contract No. N00014-72-€-0073
Semiannual Technical Report

Stockhausen, P.J., Clark, G.B. and Kennedy, J.F., "Three-
Dimensional Momentumless Wakes in Density-Stratifed Liquids, "
M.I.T. Hydrodynamics Laboratory, Report No. 93, 1966.

Sundaram, T.R., '""On the Behavior of Wakes in Stratified Media (U)
Reentry Physics Prcgram(U)," Part Il of CAL No. RM-2963-C-1,
Cornell Aeronautical Laboratory, 197). SECRET

Prych, E.A., Harty, F.R., and Kennedy, J.F., "Turbulent Wakes in
Density-Stratified Fluids of Finite Extent,' Technical Report No. 65,

‘Hydrodynamics Laboratory, Massachusetts Institute of Technology,
Cambridge, Mass., July 1964.

Kennedy, J.F., and Froevel, R.A., "Two-Dimensional Turbulent
Wakes in Density-Stratified Liquids," A.S.M.E. Pubtication,
64-WA/UNT-11, 1964. )

19




Ny,

N\,

.dnfid

H3LSAS MOT4 40

INIHIONVYYY QILVHIHOS | @4nbiy

HILVM HEVH SN

J3LVM 005

SIATVA

X

43130
R E

dHid

el

1100

T

aN11000~" .
, &3

N33Y28 HSIH
ONILVTTI0S0

ALIJ0T35A

38NLVYIdHIL

"

Sd e st

—~

<




e

e

! Sk

L

82k el

FIDNY v TOVEII G L NS D

{

e it e b et i e g e e oL . J S LTS T
v ke . =
w
[oed seeqrasnmceiiee nae
% measkasssenctuaana e
a Q
R e :
.03 .
2 % :
<’ H
w 9 :
" : o, \8
nabuaqesmen .>‘\\ vanbuus muwqesss - wquussvastserbucusrencacnnacnoand
Ve o

[
<
=
w
[oms
7]
! ; : Q ¥’
s - 2
. fee ..z - . vesbasnbacenses Q cosnune —eesd
Q ES =
B S >
H a - | z)
o M O u
. o= i o
E 1 o Zz ' T e A
H o D L
: o] 7 ;@
on Meeqietsbaaes ..ds.u_ -~ saskancbonneqns sefsresuensnsatecninacncnseenonenss S
..m’ 8 R SR s [0 JET T TTTTTTTVNS PP PRSPPI \ .
Lenadile @) O FRORRTS JU SO S S .. ." . e ereacrasneteranane

conesbaones T e T i T S Y

o

g T e P

DISTANCE FROM BODY, X/D

Aevenwsvanusssnangarysssbanairsodossstuasarqueonnsngrennissesscbucisnnnosssnonvunnd

UNSTRATIFIED FLOW.

'
[T PR PP ST ETS RTINS ITT P sesestaaes

H
Shsastusssaneanan sashhastsnsvgenveashoesnsashonens
»

Areenny

»
s
H

vebungasctesngenredssnnsobosranan DT P D Y Ly R R N L T L L T T T P XY ]
H

P

[P

sevgrsaqgeans JanscrusbaanunsabenanusntRagrsusasaunnsetsanOne

10

H
s
H

X

cedzagenstessgecsnqgrsansedocennae cavlesngeansgeasssstonnsrnsionranuannngsasate sesnsrnasans
H

'

Crqessbanshonctnscesssnansinscenay vensssnsnessuasssrenfensiaatucel aetsanny ansigesenntogeennconurnsbanvussescerssnasran
H

Leshcssnosdsnnsvane o eves

sesnesassessaberbeatonchonedonssincenad

Figure 2 GROWTH RATES IN

.
H v
asqavabe - saguvabar asntaqeewser gseusuns Lensannne
] a
H
estredennsn sesmttsstsesetisnsrnsunnsh sets drevdesadiesaitincratacerssatansnananandionsocencarirsenns
H
H
'
‘ H
H .
Loehastuncbhue davse ssneshesansssnrnssane enzanassncechrchastnashountnrcaguninocioncrsasihanen vassntnanssanasaserenncyd
’
« H }
H
¥ ™ ‘
. 4 * H
[ i
} | ¢
(X2 (O TS TRUET TTTYRY STTRSTTE SOCTTTINNRY TRITTN - TCTPRTTINSITE SOTY TEETTRY TRTRY AP  essasesderanunanssctasennsnannensacnan
H N
M
H W
' H
[ N Al
N
H H i
. H H i
s H
: i :
:
Seshausnssdranqusnnquassesiasanead annnssresy axenyenn el Lesarsene Aesasazanenanzen
N
' ! H H
i H
. : !
: [ H . H
s i * N . .
[ 4 X H ] .
L A : $ :
] s H : H
N % M . . . 2 »
[ ¥ H i H A x
1 » . 13 » * *
[ H : H .
- x M H ’ H ¥
) * N . " . [l
[ T ) H H H 1 H H
[ H H i : H H
-4 M . 1 e - : A . Uod
-
o N :
- (=]




-

10,000

. - .
H L i
.
Latubabadanta 3 ! FURIOES S5 5% - L R JNUIORR e
. - H .
¢ ame -
regenn -
> - - - emcbesvsnassanenegege - ---ﬂhf--‘h
- =
L bndobobaquagn e P L L L T e e e L L e L PR
[ 8 ' [ Ve
3 § H
1 o ebueliowqen ameugronamevenahabolaba Y 4
- )
: : : =3
- - -t evebnenany wasesameablidiehe -
3
3 < et armmss masssmensbabalologuacbaagunes -
'a qeqaebheshanqeanstecascqanscsnencabchaueisdoctangunncla e¢eavsnacass
3 v T T T LI L It S T2 - .
r
Ff“’ Q --1-4-;.:-.‘---‘---'L.--.‘--.--.h---------q. o R B R R LT A O T PRI YT L
X H s
~ LI Y S oee [P R SR
[T}
N
™M

-
[]
S mawdan
”
v
[

?{

u,
v"
w'
o:

db/dt AND /D = 1.3 (x/D)1/4

. [ tendesvatraznnnionun “neene
-3 4
' +
3 ! PR :
3 : " RN : .
2 ~ waneyEbngancenunabsvenissababrcavonunsqequyny bonnsanbace maessboscasasune
b = = - " EAR L yA - -
‘ - 00Q 32t :
> - 3
. H S 3 ) f' .
" H ]
5 | /el
1]
(2] = H 1 +
104 < H ' s
k Lobalba x2 o) estabrloboqungqacebocsqenescakanenseas semtashensastonngannnad
L ui w H ==qeq4=butogecquncioaes bacasren eqeqestaciaatacnchnanes
. fasatota s - tetmtagasadian Posecntrcaneefoaiaidadectachen messhsamnsbanancanans
st oleala ouw E s sbebaquotansbacaqennenebenan/e Aeqmenqestadicibencqunevesthonnssnney
[ 2 14 o =3 Ldedemtecloadencatansncgeanfosnnnetehobobadectragennciaccvaresnensanse
]
eqeq=yve Da ‘g g rmmle sbesbaanennr _-.-..‘.m.... .s.ln. P R T e T PR I P T LY
¢
! o - (TR
) < w wvgetslobagueqeactoavasncssflonasunenedequqequalodeaalosetecncncbonnnccanad
raqeqetngeshaneragerash o ficosnennnacnn whstesbruqancstnsnan
enenns abedetatiaqredenaye-nandiarunncnned
. ’
1]
\
1
.
[
v
- -n abebobaquatecnqiencjunacey
R . A anvemal NS0 S5 PR B cewmas
o wabasno beamnequuncsmossstn eemavilsnassanncgaqag-yoobodecabenasianccatunarncanad
Lqeqeqaslostengnaschucenctoncnnsasa Meactmnnasde - <mwy
sbehnboqn LLTY TN heeoncbnsavnsanesthdededscbasbangonsslsnrnntonnanscaas
Y wew etonavssvanshlldichatustbecgrennboccangersennncancs
S S e T T L LT ERTITTS SR T EEU S PR SETT SRR SELERLIRLE
1
v
i :
Loloqessboubnedercibivunanea ababdiababengnaabornans anesemansqegntntssthageasboncdininnabasiannanad
‘ ' 1]
1
.
H
equenendand vue ot tedoabaaland i buineguanus senanbabalabaqactinjenantocnaeqonacsnnars
L) \
1] 1)
H * I
[ [} ]
1 1 )
1) 1) 1)
[ 1] 1
H ' '
L) 13 4
I HE ]
ool H ~—

1.0

0.1
0.0

0.001

1%

POSITION IN WAKE, X/D
Figure 3 DECAY OF TURBULENCE INTENSITY (UNSTRATIFIED FLOW):




000L

e

aoly3d VIVSIVA-LANYE HLIM WIL 3S4VT1105 33VM 40 NOILYI3HHOD p 2inbiy

23s.°1 'A0IY3d VIVSIVA-LNNYE
oL

o0u

995 ‘} ‘G0IY3d VIVSIVA-ANAYHE

1 goot oot

ot

oS

P

JEPORRN

)

-

b .

FITEVH PIOFt Npetare

1 i

na

v

LIV
LSRR

P —l

Hosv3a

[ 2

. .

Wi

i
i

[RPTPPRS SIPIOS

“ - .
1
. “NV390 <+

NIS3Hd (49 -

ONIXIN JO JHVLS
WOHJ 0IUNSVIN INIL  STOSAAS 01105
ONIXIW 30 QNI
~aus O3UNSYIN JIALL  STOBMAS N24O
V31¥1d4 GIMILY 31BI0YI 'AQINNIN B
§d0Ud $13$) NISYHNIOLS "HBVID 'AQINNIX &
131V7d Q3MOLT ALHVH AQ3NNIN ‘HOAU4 +
{IN3ISIIND Q2) NYHYONNS T'S
{1N3253IN0 O2) AJTO0HIS ¥
1INIISTIND GZ: ONIYILYM 30 NYA O°s

14044 37351 LUVMILS ONY ATI00HDS H

SINIWIHNSYIW HIH1O0 (e

(=]
=4

oot

5dV1700 IXNVM OL 3WLL

|
b

205 '3




1.4 R Ry T N Lt L TR P PR e LT R TR T I S
. ! H B ' : . H v M
¥ X : : 1 '.' 1l
1 4 H ' > ! i : :
’ ' X ¢ H
- eeeedinen. — — = KO's THEORY SRR SO :
w assecatrcscnamrvonanadd
Ed H '
; PRESENT ANALYSIS. : ; :
: . ' H
' '
v ' M ¥ N i N
) N 1
! i ! : ‘ N i !
1.2 - Jesemeampomnnnasbe vasugnweeasmtaomuagyl
i H H ¥ + H '
M ¥ H H . N N N
1 ‘ H I & ! . H
H ] H H . ]
H u H M x 1 '
] H 2 1 : ' \ ]
B L L e N T L L LR L TR LT T T S Y
1 3 1 » V 1 ' T,
H 1 ] ' ! s H i ’
H : : H 1 ¢ H N i
I
H ' ’ - - ) ®
. { b =p(1-e¢2Z) EXTERNAL . 4!
1.0 B N 8 e .t . .!‘;
X I . 4
1 — - <« X 3
: Pi=p (1-B Z) INTERNAL it
) N
b H x M [ ' 1 : N
3 1 ] v i h ' v
S~ ervanvilnwnanny . “ LI LT ERTRTTRES E O
(] » M H T ¢ H ] H
- s H 1 ' Y ' H '
. i } : : ! : ! !
a L AR TR O O ¥
i3 i ¥ . * *
< 0.8 ...............:-..-.-.:._...-..L......,.;.--..---h B s L il OISt ¥ 20
» 3 1 H It
= : ' : ' ! X ! p
H . .
W . ' H ' ! H f
7] H : H & H R W
e SRR ISPRUPUU SEPRPY SOV SR SIS SRR SRR S S & B
I
5 P A A b B
. H :
] H N
-l ; ' : H ' ; i '
3 tood S N
L R {3 O e e Ty A Vot MRV T B 2
» 1] H . i [}
¢ .
3] N : « ' N ' H N
N4 H H [ H H [ H H )
« N $ L) ¥ ] [ 13
< [ 3 H H . H H ] .
1 { y e H t N
g ...-a..s.....,.;.-.-....,-..-.....'s.- :.--..-.. ; }. EETTELTY 2Y “PY)
; ' : ' : } i ' )
1 ' » H H H \ .
! H ‘ ! ‘. 1 4 N ¥
) ¥ " * » ' H H X
¥ ' ' ! ' H H '
h
0.41=-r=>~ .......3...,‘...-.;..»......:....‘..:."....,.;.......-:.,......‘L....... J .j Y]
v * 1] .
A A 3 .
H ! i ‘ H v i H '
, . ' H H H H ' !
. ’ ! H ] N [
S N N T N I A A 4 A
canaveebenrmmnisanmeunquns nannden & - -—— E S cnsmufunnaad
' & s
! : : ! : 1 , !
+ * v 4 v
' ] : N k * M ¥
‘ : ; ; : : L0 :
. ! ] H t - o .
0,2 Jerearcotirmmcnn v cmingennncnctinocncet cmnnnnna S LT SEEETESY
n=1/3 : ; T -t d : i
‘ ? ' . wvasnt - i : H
. g (man iy Gmnet r-p wm egr— » ’ ' ' :
1 " 1] 1
H ¥ £ .
newesangmuas .......-..,.......:..--....:..-.-..'-.....-.s...,..ﬂ‘..-......‘
)
H s ' M ' '
- . H » '
n=1/5 ' H : H ! : .
H ) H H » H )
H . + t N i N
0 N 1 } N 1 :

0 0.2 0.4 0.6 0.8 1.0

COMPLETELY 8 / ot,DEGREE OF MIXING
MIXED

Figure 5 EFFECT OF MIXING ON WAKE COLLAPSE TIME




HLMOYO IUVYM Q3BNSYIN 9 anbly

a/x ‘aNvm NI AONVLSIa
otiL ‘ oot 06 08 oL 09 0S ov oe (474 oL 0

........ AvoLLYan ‘e . p . . H p , . : \
¢ —®
- - ._‘.0 .1 N
aw_"__zmhmr:oom
H : : e L e o o e v
M - — Sn— - —
o o

a/q9'3ZIS IRYM

.fl . ...:,... e T 2T SR - . ,m‘ . - = - - - 23s mm ”.F - -

uuuuuuuuuuuuuuu

cre Heiek 4 e w - - w - . . . - - - - . . 1 8

't oL 60 8’0 Lo 9°0 S0 0 €0 co { 1] 0

in

PR




B e e

1
&

KB

V3NV INVYM 40 HLMOYUD £ 8inbig

1/1'NOILYHINGD INYM L3LAY SNWIL
S0

A% and

. * . - . anwJ L3 3 ra & " " " M v lo
: : : : : : : : : : : : : .
1 ’ . » . L] . ’ » * L] . . - +
. ) L] . . . R » » L3 - . *® *
! : : : : : : : : : : : : : : .
; : : : : : : : : : : : : : ,
* " » . . » . - » . . - . »
. peenmnesan pommmeenns eomeseeien eosesccane e PELIEEIEER Sut memacae smmeremuan Jeemmnconn P e e easmscanme R R wemenve
“ : : : : ! : : : : : : : . :
: : : : : : : : : : : : : : .
: : : : : : : : : : : : : :
H fomasanen Jemcavecmedoccsecaass PR, cempemeeanns mmamone- bermcennne S AR romemaaeas tecvecmana SR DI PO [ S A
q * . . 1] . . » . ¥ - » v * )
. . ] . [ . " " " - n “ ” "
: ! . : H : : : : : : : : : : g
: : : : : : : : : : : : : .
; : : : ; : : : : ! : : : : ;
! feneee- sicdemearenan R AR S R deeacemaaas Foemmenend RN AR eoemeanas foommanans PR R BRI S -
| . . H . i . . H . . H M « M
' 1 . * 1] ' . . 3 » » * . L]
! : : : : : : : : : : : : :
. » . . . 1 . . » 4 " . u n u
. : : : H : ‘ f : : : : : : : W
i w. -------- e $eemaean teeemeeen deevacnas I - Secoaonnas Secmene seedecensennedecesnnn cedeearencan deesmmeaans R IRy AR, m
H : i : : : : : : : : : : : >
: : : : : : : : : : : : : : : o
poomneenns Fomeemmees Fooeemaaes Posescessipaseannan Precemeans $ememen- T S s Jomeemaaes Seaemmenen a2 it LT SEPRRE PR EESTERAN {413 w
: : : : : : ; : I : =
: : : : : : : - : : o
: P INVMIVIILDITI : : R — : 2y
Jecceenns decememmcadroceesaals emmeeeead eeememnes e PSR SR s S .~ R, SO YT TPR— HPSSREN 3 P -
: : : : : : - : . _ : m N
(9 34NSId) |: : : : : : : : : : : >
9568 = 1 4 : m P AT : . ; h : 2
MO OIIAILYHLS i 35¥HS 318VROHd ;.= S E— B, o RN FORIS : : @
,. : " ; m m “ m m m : m S
' H IAUVYM HVYTINONVYLO3Y ¢ : : : : : : . ; —qs: <
” beeemeee eennene S ER SRROR Pl SIS S S S UNRRUINS SRR >
. : : : : . : : : : : . . : 3
. : : : : H : : : : : : : : >
’ : : : : : : : : : : . . : o
. : : i : : : : : : ; ' : :
yesesmseas precremcen pumecscace pormeavane emememam. tececnasveprecphlococprvoccnncy Frcesvonas Smccrncnmmbons s mm drscmmcema “eecmmerue rsmmnmane Snarn .
. . . 1] . . . . L4 . L4 x
N v . a . . » » . i : " -
‘ " " “ " " m m : : ; . :
fremamaennd ( 3°NODIS) -eeee ;SN S - bomceeeans R Beeoccnane deomnea- DU SO 0z
, : : FHVYM HVINOHID ; : : : : : : : : : :
; : 1MO7d @3141LVHISNN : : : : : : : : : :
! i H H . H H H H H . H ' . . H
R R S R Sieamennn P . . R decemnannns SO S SO SOt LS SRS
. . . . * » [ (] . » L v .
1] . * » . L i . » " " “ . u u
: : : : : : : : : : : : : : :
: : : : : : : : : : H ; : :
[ . . . » L . . . » » 1] - »
» L] . . . - . " L] L] . [ - " »
svommscane Gmmnnsmmne bmmrsvman= P L L et i nmam Sommeoman. bdeamoons ot memmmo- bovunncsaw dovvummnnw danrnsmnmn demma- varadesmannenn Jennssan sadannman P
- a - -
L]
. : : T ot i A bl “
- " s RCT v i il - b S sand A b Sk e £ i " s "




HORIZONTAL SIZE, by /b,

VERTICAL SIZE, b, /F,

0.1%=

erarerassssssnendenens 9,0 SCHOOLEY, STEWART SELF PROPELLED T = 2.8 - - -

. PN N
"0 i COMPLETELY 0.60 0095
MIXED

®,0 SCHOOLEY 2D QUIESCENT T'=7 :
o e F A, 4. SUNDARAM 2D QUIESCENT T=12 o "
¢ VAN DE WATERING 2D QUIESCENT T = 25 L
................ Jexuen + PRESENT EXPER'MENTS T = .’5 ..-...::.....;:-...?
i - 2 ..E'.r .; ..;.. E. ';"‘S" ..u...n?. .§. - ¢ -;.—. .;..
‘ : P - :
‘ : ! e i i

4 v

]

x

: '
-9 v

10 [revsreens o sermsenagenn s freeasegrase e genay e st b ngs he o srrspasesnens gronanngnensugonnranianarizay )
L‘. b O .g g E,g, ........ ' ; .:
I . PRESENT ANALYSIS n = 1/4, EQUATION (5)
I ~—~= USING KO's THEORY B /cc= 0.9

0.1

1.0
TIME AFTER WAKE GENERATION, t/T

Figure 8 CORRELATION OF WAKE DIMENSIONS DURING COLLAPSE




wrparpn

s

vd

sexaur shuenvesasases

“ur marhrasmunsasper

caerren

o £,
RELIE 4 Q
N I~
< oTle 2
h it
2 Q
H ~
: > 8
Bl b o)

100

10

avave ace

N .

Semnbassbunaauy s ashar vaed NemEuv YNiETemacsveessuas

0.001

S
=]
in/a‘azis INVM TVIILYHIA Q3ZITVINHON

WAKE POSITION, X/D

e

Figure 9 SCALING LAWS FOR VERTICAL SIZE DURING COLLAPSE

.




s b e af s

T SIS Rt A 8
: N : 2
feeeaas CO =00 NN R SO S-S JUURTON SON USSR SN o~
: =X I

i : Pox [a]
: N : e =
jrneseeeee R = Yty SRR Il St SRt SRR NI | AR S D

, : : /w : -

' : : : )

," : m o H NS
femsmmnnes feneenee SR T, SR E SEERRE %

_ : : ; w

“ : : : b4

. : : : o 8 AWm

' A Y . = X

4 . H : H ~N . i
: : : : : : =2 I
: i : : : : : 2 ) —
: : : : : : : = = -
SO Lemeanns - S SO SR A U S b= o
: : : : : : : : 3 o of
m o i : . : : : & \
: 7 : : : : : : w >
: 2 : i / : ; : 8 ¥ L
frosees @ o e e - 6 Gadtatl ST R e« o
H & < : K H \u 4 H H H =
: > Z : : : : : : : : «
: < : : : : : : : <
HUNUON- 3~ S L\ A s R e S L o
: 2 0 : : : : ' =
: o : : : : : o)
: < & ioB : : : o w
Temee. mewes TEIS N TR [ - My’ b B inmaii [=-] o
: : nood : : . o

s H — H |y H . M . H -
L BT = R S SR A Jroeenanes o
: | : : : : : : 5

, : : : H : : : : 2

’ 1 H : : : : (s

ﬂ : ; IR : : ; : .
(05 <t [y N - o

/g '3ZiS INVM TTVDILYIA
3
i
» - .
o - Said bl it o A
;. i w =y o . ~ g o bon acagin. £ o & s
U DT R Ry TN O e Y Nk i




1,000

A — ]
cessabmemmesntencastanas | S S
w0 ' : N
m | teccemne Tevemcnans - N ecemeawaacmsaanand
< 2 : : H
= W L fevnmane P ST
Wwews : : ;
- = > . N
7 Ty e Jenemaan Qeevmasnaase Senmvmxmeresexsamnn 4
D > . . M
22 . : :
A E N A Illlln' llllllllllllllllll J- lllllllllllllllllll
=L » H :
W - O : :
22X . Savmanas Nemmsamassndonmerennamasiannann
Q'ui wi = : :
O ww H H
T uiuw O : H
Qs & : :
? a a H :
. s || 7 g [
- = N H
D O w H M
<

ANIE

0
uT/D
Figure 11 CORRELATION OF MAXIMUM AND ASYMPTOTIC VERTICAL WAKE SIZES

; i : : i =)
pxs
321S IIVM TVIILHIA A9 O1LOLIWASY anv a/'a wnwixvw
+ ‘ . . .




A e

fad 3001

plies

TN T

100

fh:: . -
Fedrretachaatona. messeduvonnas < e
=
a £
sebesgevatann --.; mersbsunve sbae 9
] w
*avmechradeans ...<.... nee I S
& 3
chededendn O b deen O e
N 2
P & i &
: T v >
eaversd  CETTTY DTS ST % S seesecanantasrancediodias sasesrandunne
&

v
H
.
S

H
R LT TUE TS SO

seus

h
r
.

estuensnrtasagen s

"edanearatavaduana
»

y ok
..-;--..\n..\.... savs
[

oy .
Srobuxtsnetsungnnan
Py

seyrensbasasbannan

LIY LT TP

Neeverstenaneas

verqensesherarstesnnnes

T S
)

*rsbonehasne seruquvecehecnnnas
» "

= 1.3(Uyp)/4
0.50T (u/py a4
2.0 (u/TD) W41 172
= 052 (uT/D)1/4

seresdesacans

sedreengernatranatennas tsssvavqrcessansrey
. \ 4

Meccruniane

ssenssasss

H
»
[ETT LT TP,

S\rrrisacananas

B\reeerereesde

ersrnese vege
A AT EE ST TPV AN e S

nsessvares

eshtateanbonngrona

£

eeqereshariieiatanes

[y S

.
AT LT TP PP
»

p)1/4

seanuesnved

1

u
:

= : :

~ H H

I JRRMRLELCCITTICT PITS SRR SO S
1

& crrreresceeedan
H

P cerduxata ae

2

b LLELTTETTLTET S S (- S

srtghqvrnsseaiiinsbitenctnrnnnen

>
[ = T SRR SR SR SN

.
A S LT TP Y

srrsagirerasay

\TET RPN

etouman

sseseudencersa

H
Y

LALTL T LT PRI P Ry
H

essaredaniareshecrconanny

B T S VU S

10

[TYTR

Vessscanase

LI LLTTT [P

I
N :
L T I S~ o8 g o TR TTSUSPURORE SRS W S SO srrediessnadisn et e
Ao ~ S~ H
HEE I & : :
[ ~,> -~ . H
HE A [°aH8 o o a H H
I ; LI
HE
H H
Seshastenchavadann ELTT LT TR G S S 1 s drannediiasineharanancans TasaRuuIanatasenyad
Forieed R i 3
:
4 A .
I H { H : Ke) :
Y H . x M N
] H ' . H '
[] H . H . »
AT ITTY POSCAY srasteasueqienrasa fernninnns Swksvesspnaagen + LTTTY TP S Tyrtrtirsesseltiesissnrnsensanae
VI . A : h
" . t L]
H H i . H ' J H
A i A i i i
: : H
'l @ : : : : : i
H
118 e ; ; fd : :
vebraga &2 R T A RIS LY (LT YIS SRUvp G RAALE LT PO PO
] ! H H ] R H
P TR o4 s H Pl H o H
H
1 NNW H ' L T E : H
HE T a0 : : I i H
P I ) i A i i
HE L} H “ s H H
I . h Ior s 1
HEE I e : H HEE H '
:
Vo . H ' I H H
oo : H I i H
I N : i it i !

Setsrscursnhusetsnavsansanesen

Seersuscennnsenanysl

DAL LT TETTT PP

AR L L P

sasserecavencinness)

R T L T

btk R L LT T Y L P

LLELTTEY P PRpn

serusanresrusacuns

1.0

1,000

100

¥ 'SNOISNIWIQ INvMm

Al

10
0.1

TIME AFTER WAKE GENERATION, t min

o

Figure 12 ESTIMATES OF WAKE SIZE, FULL SCALE OCEAN




