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Estimates of the turbulence intensity, its persistence and
wake dimensions behind a towed body-of-revolution are
presented. Contributors to this turbulence include the drag
of the body and its towing strut as well as lift generated
by the strut due to any misalignment with the tow direction
and secondary vortices from the strut/sting intersection,
Indications are that if turbulence resulting from body drag
were the only consideration, the turbulence would decay

to less than 0.10 percent within the time required to return
the carriage to the starting point for another run.
Calculations that include the drag of the strut show that
the waiting time between test runs lengthens slightly.
Consideration of disturbances arising from a one degree
misalignment of the towing strut results in disturbances

of the same order of magnitude as those arising from the
drag of the body. Disturbances arising from the secondary
vortices have been found to be negligible. An RMS total

of all disturbances indicate that a 2~3 minute wait between
test runs should be adequate to insure a turbulence level of
less than 0.1 percent in the towing basin.
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Nomenclature

/4 dz, maximum body cross sectional area, fe
b2/S, strut aspect ratio

D/l/ZpVozA, drag coefficient based on body cross sectional

area
D/1/29V°28, strut drag coefficient based on planform area
skin friction drag coefficient, Schoenherr friction factor
L/1/2pvozs, strut 1lift coefficient

strut section 1lift coefficient, for an assumed elliptical
distribution C.=C

L %
¥/A% body prismatic coefficient
drag, 1lbs
proportionality constants from experimental data
strut lift, 1lbs
Voc/v, Reynolds number based on strut chord
V°2/v, Reynolds number based on body length
strut planform area, ft2
free stream velocity, ft/sec
body volume, ft3
wake half-width or radius, ft
acceleration, ft/sec2
tow strut span, also depth of submergence, ft
strut chord, ft
maximum body diameter, ft
acceleration due to gravity, 32.2 ft/qecz

overall body length, ft

time measured from origin, sta (& , seconds
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local space time at a given station, time required for body
to pass the station, seconds

maximum strut thickness, ft

mean streamwise turbulence level, ft/sec

Vo(t~t°), distance behind the body, ft

independent length variable normal to body surface, ft
strut root circulation

strut angle-of-attack, degrees

boundary layer displacement thickness, ft

energy dissipation factor

boundary layer momentum thickness, ft

turbulence length scale, ft

fluid kinematic viscosity, ft2/sec

fluid density, 1b secz/fta
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Background and Summary

There has been much discussion on the relative merits of testing low-
drag, laminar-flow bodies-of-revolution in ARL's 48-inch diameter water
tunnel or in DINSRDC's high-speed towing basin. Part of this discussion
centers on the ambient turbulence levels of each facility, an intensity
level of less than 0.1 percent being accepted as adequate for laminar flow
work. Recent ARL measurements, Reference (a), indicate that this level
can be reached in ARL's 48-inch diameter water tunnel with the installation
of 1/4-inch cell honeycomb and if the tunnel speed is at least 35 ft/sec.
Of course, turbulence levels in DTNSRDC's towing basin can be reduced to
an acceptable level by allowing sufficient time for the turbulence to decay
between tests. The question confronting testing in the DTNSRDC towing
tank involves not only the turbulence levels, but its sources and persistence.
How long must one wait between tests?

In both facilities, turbulence is generated by the drag of the test
body and its support strut, as well as by the lift of the support strut
arising from any misalignment with the flow direction, and by the secondary
vortices formed at the strut/sting intersection as shown in Figure (1). 1In
tke water tunnel, additional turbulence is generated by the tunnel pump
impeller, turning vanes, etc.

For the towing basin, indications are that if turbulence resulting from
the body drag were the only consideration, the disturbances would decay
to less than 0.1 percent within the time required to return the towing
carriage to the starting point for another run. Calculations that include
the drag of the support strut show that the waiting time between test runs
lengthens slightly. Consideration of the disturbances arising from a one
degree misalignment of the towing strut with the flow direction contributes
disturbances of the same order of magnitude as those arising from the drag
of the body. Disturbances due to the secondary vortex flow at the strut/
sting intersection have been found to be negligible. An RMS total of all
these disturbances indicate that a 2-3 minute wait between test runs should
insure a turbulance level of less than 0.1 percent in the towing basin.

DINSRDC's high-speed towing basin is 22-ft wide and 16-ft deep for a
length of 1300 ft. The basin has an additional 1600 ft which is 8-ft deep
and is connected to the 1300 ft section by a linear ramp roughly 10-ft
long. For laminar flow bodies, testing is restricted to the 1l6-ft deep
section to avoid any spurious wave drag. The high-speed towing carriage
(Carriage No. 5) weighs approximately 100,000 1lbs, is driven by 12
electric motors, and can achieve a maximum speed of 40 kts when towing
a submerged body. The maximum acceleration/deceleration rate for this
carriage is 0.15 g. Basin water temperatures are typically 60-70 deg F
depending upon the season. Filter pumps, which normally circulate the

» basin water and could produce unwanted turbulence, are shut off during
tests with the laminar-flow bodies. The towing strut arrangement for the
laminar flow bodies is shown in Figure (1). The towing bridge and the
model/strut combination can be raised and lowered by means of an overhead
crane at the east end of the basin building. Hence the body must remain
in the water for both the forward (data) and return passes of the towing
carriage, A more complete descriptoin of DTNSRDC facility may be found
in Reference (b).

TR

IRTTI L Et o VR &




o 19 September 1977
; WRH:SH: tms

In past tests, the towing carriage has been started from rest in
the 8-ft deep section of the basin and carefully brought up to a speed
of 3-5 kts. When the ramp to the 16-ft deep section was reached, the
carriage was accelerated to the desired test speed. This procedure
maximized the time available at the constant test speed. For the present
calculations, we would like to consider as typical, the towing strategy
shown in Figure (2). After the carriage has accelerated to a constant
50 ft/sec, it maintains this speed for 1000 ft. Then, the remaining
300 ft of the deep basin is used to stop the carriage. At a 50 ft/sec
test speed, this distance falls within the allowable 0.15 g maximum
acceleration/deceleration limit for the carriage mentioned earlier. As
soon as the carriage has stopped, it begins to return to the starting
point at a speed of 2.5 ft/sec. Turbulence will be generated on both the
forward (data) and return passes of the carriage since the body cannot
be raised out of the water. Turbulence levels will be considered at three
stations as shown in Figure (2). The time in seconds for the body to
pass these stations on both passes is shown in Figure (2). At 50 ft/sec
the forward (data) pass and deceleration take 30 seconds, while the return
pass of the carriage requires 520 seconds.

For the present calculations, Table (1) presents some characteristics
for a typical laminar flow body. For comparison, the characteristics of
a typical conventional body of the same length-to-diameter ratio are also
given in Table (1).

Turbulence Due to Body and Strut Drag

QPTG a5 '

From the experiments of Pao and Lin, Reference (c), and Chevray,
Reference (d), the following correlations for the turbulence intensity
and wake half-widths behind an axisymmetric body-of-revolution may be

obtained
\/"2'
u 0.55
| ki 2/3 @
L
1/2
and DcD
z 1/3
1122 - 044 [—l‘—lﬁ] 2)
De,) nC,)

for an x/DCDU2 > 10. In these equations, x is the distance behind the
body. By using a Galilean transformation x = V (t-t,) where t and t,
are the time from the origin and the time required for the body to reach
a given station respectively, these equations can be transformed into
functions of time. In Figure (2), to is written below the stations

’ QD y and () for both the forward (data) and return passes of the
towing carriage. Using Equation (1), it is possible to estimate the
turbulence intenstiy levels behind a body-of-revolution for the typical
carriage run described earlier. In order to simplify the calculatioms,
it was assumed that:
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.; d a) the drag coefficient of the body remains constant for both
the forward and return passes of the towing carriage.
This assumption is not too restrictive. From Equation (1),
it can be seen that if x/D is constant, then the turbulence
intensity will vary as CD1 3, and that the ratio of the
turbulence intensities for a constant x/D and varying drag
coefficients will go as

: 3)

(%]
¢ 1/3
b R
ch

Hence, the drag coefficient must increase by a factor of eight
to double the intensity level. When one considers adding the
turbulence intensities of the forward (data) and return passes
of the carriage, a common normalization velocity must be used,
this doubling of the turbulence levels for the carriage

return pass would introduce less than a six (6) percent change
in the overall turbulence level estimate. On the carriage
return pass normal increases in the body due to changes in
Reynolds number amount to less than 25 percent.

b) The carriage starts its return to the origin as soon as the
. carriage stops.

¢) The influence of the forward (data) and return passes of the
carriage on the overall turbulence intensity level is additive.
A root-mean-square total is used and is given by

(%) - 55, ()

1/2

2 . (@)
o ’Forward Return

A root-mean-square total is also used in adding the turbulence
levels from various sources, i.e., body drag, strut drag,

strut 1lift, and secondary vorticity. Here it is assumed that
the turbulence length scales are different between the various
turbulence sources. For these calculations, and the ones
following for other sources, the turbulence levels calculated

will be centerline values. As such, they will be over-
estimates of the general turbulence levels in the towing basin.

For a typical low-drag, laminar flow body described in Table (1),
following the towing strategy outlined in Figure (2), Figure (3) presents
the basin turbulence levels as a function of time from the start of the
carriage forward (data) pass. The increases in turbulence level occurring
at 150, 350 and 550 seconds at stations © ’ and @ respectively,
reflect the return pass of the carriage.

, T S RS 0 e T e . T T,
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An estimate of the turbulence contributed by the drag of the towing
strut of Figure (1) can be made by considering its turbulent skin friction
drag and making an allowance for the cylindrical sting and stabilizing fins.
At 50 ft/sec and with a chord of 5 ft, the strut Reynolds number is
2.25 x 107. Thus results in a Schoenherr skin friction coefficient of
0.002581 based on wetted surface area. The wetted surface area of the
strut (2 sides) is 70 ft2. Since one would like to use Equation (3) to
scale the turbulence intensities for the strut rather than repeating all
the individual calculations, the strut skin friction drag coefficient
based on the maximum cross-sectional area of the laminar flow body is
0.085. Allowing an additional drag coefficient of 0.0ll to account for
the profile drag of the strut, the skin friction of the cylindrical sting
and stabilizing fin drag, brings the total strut drag coefficient to
0.096 or eight times the drag coefficient of the laminar flow body. Using
Equation (3) the turbulence intensity generated by the strut will be twice
that of the laminar flow body. This result is plotted as Figure (4). A
complete description of the towing strut is given in Table (1).

Figure (5) shows a plot of the turbulence intensity ratios using
Equation (3) for various drag coefficient ratios. For example, the drag
voefficient for the conventional body shape from Table (1) is five times
that of the laminar flow body. Hence at the same distance behind the
body (x/D = constant), the turbulence level generated by the conventional
body will be 1.71 times that of the laminar flow body.

Turbulence Due to Strut Misalignment

Considering Figure (1), a slight misalignment between the towing strut
and the tow direction appears entirely possible. Measuring from the rails
upon which the carriage rides to the strut, a one-inch difference between
measurements made at the leading and trailing edges of the strut represents
roughly a one-degree angle-of-attack for the strut. At an angle-of-attack,
the towing struts as well as the stabilizing fins shown in Figure (1) will
shed tip vortices similar to those seen behind an airplane wing. At some
distance downstream of the strut or fin, these shed vortices will break
down into turbulence, either through flow field instability or diffusion.
From this breakdown point, the turbulence decay can be treated using
empirical relationships, similar to Equation (1). Brown, Reference (e)
developed the following expressions relating turbulence intensity in the
vortex core prior to breakdown, its radius, and the bound circulation

F) of a wing:
V u2 I‘olvo

¥ o MTan ()
r

c

where

Wl R PR ek ok 6)
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2/3 2/3
P08 @ i g .
Vo /E; x1/3 3 x1/3

where Kj, K7 and K3 are proportionality constants to be developed from
experimental data, and ' the strut or stabilizing fin root circulation.
If one assumes an elliptical lift distribution for the towing strut and
stabilizing fin, i.e.,

r 4(b/2)CL

TAR ®

o“lo

the wing root circulation can be related to the wing lift coefficient and
geometric properties. Also, from Equation (7), it can be seen that at a

fixed distance downstream of the wing, the ratio of turbulence intensity

in the vortex core between two wings may be written as

[ V u2 ] r 2/3
Yy 1g 0,
\/ 2 |
%)
vo 1

This result is plotted in Figure (5) and considered with Equation (8) shows
the contribution of the stabilizing fins to the overall turbulence level

to be much less than the contribution of the main towing strut at the

same angle-of-attack. Thus for the present, we will consider only the
vortices shed by the main towing strut. Experimental data, Reference (f),

for a half-wing mounted on the wind tunnel floor provided the following data:

CL = 0.95 AR = 5.0 C=1.00 ft

3

= 0.10 @ x=0.25 ft

b/2 = 2.5 ft V° = 100 ft/sec
o behind wing.

\

Using these data and the expressions for the turbulence levels in the
vortex core prior to breakdown from Reference (g), Equations (5) through

(7) become
v u2 ro/vo
= 0.00823 1/2 (10)
(o] ) -
c
.2 2
r_ = 0.00874 (T,/V ) /3 3213 (11)
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’ VI AR
= 0.08805 —m——— . (12)
1/3
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Now, if one can estimate the time required for vortex breakdown, the turbulence
levels at the breakdown point can be calculated using Equation (12). Also

by assuming the turbulence intensity after the vortex breakdown is similar

to Equation (1), i.e.,

v 273 (13

where K is a constant of proportionality, estimates of the turbulence level
far downstream of the vortex breakdown point can be made.

Tombach, Reference (h), shows that vortex breakdown occurs at a time,
tB’ between

15 70
B cR s o
. € €
where € is an energy dissipation factor
2 v°3
€ = % i (15)

and £ is a characteristic length of the flow. V, can be either the free
stream velocity, V,, as shown, or the maximum rotational velocity, Vg, of
the vortex core. Using the smaller of these two velocities, will give the
largest estimate of the vortex breakdown time. For these calculations,

the most appropriate length to be used in calculating the energy dissipation
factor, €, is the boundary layer displacement thickness of the body/sting
combination, §, which can be approximated using the expression for the
boundary layer thickness on a flat plate, i.e.,

V x

§ = 0.37 x (—%—)'1/5

(16)

and assuming a length x. Using a length x=10 ft, which makes an allowance g
for those portions of the body over which the flow is laminar, the vortex g

. breakdown times can be estimated using Equations (14), (15), and (16).
The various breakdown times, i.e., for the forward (data) and return
carriage passes, are given in Table (2). Also, using the transformation
Xp = Votp, the distance downstream of the strut at which the vortex
breaks down can be calculated. These data are also presented in Table
(2). From Table (2), it can be concluded that the breakdown of the strut
trailing vortex occurs almost immediately after the strut passage and
that no long-standing or persistent vortices need be considered.
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The 1ift and geometric characteristics of the DTNSRDC towing strut
are given in Table (1). It was assumed that the section lift coefficient
for this strut was approximately 0.10. Since an elliptical 1lift distribution
was assumed, the section and wing lift coefficients will be equal. It was
assumed that a Cy = 0.1 corresponded to an angle-of-attack of roughly one
degree. Using the data of Table (1) and Equation (12) it is possible to
calculate the turbulence level at the vortex breakdown point. Also from
Equation (13), it is possible to determine the constant K. These data are
also tabulated in Table (2).

Using Equation (13) it is now possible to estimate the turbulence
levels arising from the strut tip vortex. For the maximum breakdown times
in Table (2), the resultant turbulence levels for the strut tip vortex are
given in Figure (6). Again, the increases in turbulence level occurring
at 150, 350 and 550 seconds at stations @ 5 , and @ , respectively,
reflect the return pass of the carriage, with the addition of the turbulence
levels following Equation (4). It should also be remembered that Equation
(13) holds only at times greater than the vortex breakdown time, tB.

Other Considerations

When the velocity approaching a strut varies in the spanwise direction,
a three-dimensional flow field emerges at the intersection of this strut
and a wall. A vortex is shed from the intersection of the strut and the
wall in a streamwise direction. Examples of this secondary flow occurs at
the intersection of wings and fuselages on airplanes, and around bridge
piers. From Figure (1), it can be seen that such a secondary vortex will
be shed at the intersection of the strut and the 8.0-inch diameter sting
supporting the model. Hawthorne, Reference (i), indicates that the
incremental vortex strength is given by

ar_ _dv

Eecl- 8 oo’ 1+i avel (7

for the biconvex strut used by DTNSRDC. In Equation (17), y is the spanwise
independent variable and th, the maximum strut thickness. Integrating,
Equation (17) becomes

i
-‘i -g (tn/e)? (1 +% (th/a)?} + e . (18)

Again, the vortex breakdown point can be calculated using Equations (14)
and (15). The appropriate length scale, Reference (g), is the momentum
thickness, 8, of the strut, which can be approximated by a flat plate, i.e.,

-1/5

Voc
0 = 0.036¢ erﬂ (19)

. .
A Gl
g R
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and the appropriate velocity from 2mVg6 = I' ). Following the procedure
outlined in the previous section on tip vortices, the breakdown times

and distances for these secondary vortices, as well as their turbulence
intensity downstream from the breakdown point can be estimated using
Equations (10) through (15). The breakdown times for these secondary
vortices are given in Table (2). Again, it can be concluded that vortex
breakdown occurs almost immediately after the strut passage, and that no
long-standing or persistent vortices need be considered. For these
secondary vortices, the turbulence intensities downstream from the break-
down are plotted in Figure (6) for the forward (data) pass of the carriage.
Turbulence due to the secondary vortices on the return carriage pass

was found to be negligible.

An estimate of the overall turbulence level from all sources, i.e.,
the laminar flow body drag, the towing-strut drag, the tip vortices
due to a lifting strut, and the secondary vortices, is the root-mean-
square total of all the components discussed or

W/—E- m W/—E- 2
[vu] ¥ E[vu] : o
o Total i=1 o i

This result is plotted as Figure (7). Here again the increases in
turbulence intensity, occurring at 150, 350 and 550 seconds, reflects
the return pass of the carriage. ’

Wake Dimensions

An estimate of the wake half-widths can be obtained rewriting Equation
(2) as
V2
z1/2 = 0.80 * x (21)

\'
o

where x can be written as x = V,(t-t;). For the wake half-widths only
the forward (data) pass of the carriage is considered. The wake half-
widths from the various sources are assumed to superimpose on each other,
rather than be additive as with the turbulence intensities. Wake half-
widths for the body and strut drag as well as that for the tip vortices
(strut 1ift) are plotted for station (@) in Figure (8). Only station (@
is considered, since calculations for the other stations have shown that
the half-widths quickly collapse to a single curve.

Conclusions

The main conclusion is drawn from Figure (7). The total carriage
run, i.e., a forward and return pass, required 550 seconds. If all the
turbulence sources discussed exist in a single test setup, turbulence
levels would decay to less than the 0.1 percent with 1-2 minutes after
the completion of a carriage run. This would be considered adequate
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for the laminar flow test work. Even if the turbulence estimates were
too low by a factor of two at every station, the turbulence levels would
still reach an acceptable level for continued testing within 7-8 minutes
after the completion of a carriage run.

0f the turbulence contributors, the drag of the towing strut appears
to be the most significant. The turbulence from the laminar flow body
drag and the lifting strut tip vortices are of the same order to magnitude.
The turbulence generated by the secondary vortices is negligible when
compared to the other turbulence sources.
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Table No. 1: Low-Drag Body, Conventional Body, and Towing Strut Characteristics

Body Characteristics Laminar Flow Conventional
Body Body
Overall Length, ft. 9.50 9.50
Maximum diameter, inches 25.5 25.5
Volume, ft3 14.5 28.9
QV’ Prismatic Coefficient 0.432 0.86
Cp, Drag Coefficient @ 50 fps 0.012 0.060
Strut Characteristics Strut
] " Chord, ft 5.0
& Maximum Thickness, inches 3.75
th/c, Thickness Ratio 0.0625
Span, ft 7.0
Form Biconvex
Cp = Drag Coefficient Based on | 0.096

Body Cross-section Area

Cp = For 1 Degree Angle-of-Attack, 0.10
Based on Planform Area

AR = Aspect Ratio 1.40
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(] Table No. 2 Vortex Breakdown Times and Distances, Turbulence Levels at Breakdown
Point
Vortices generated by strut lift
Breakdown Breakdown & /—5
forward (data) pass Time ~ Sec Distance Vv ft 4 /Vo@x K, ft2/3
Vo = 50 ft/sec
minimum 0.143 7.16 0.0338 0.1256
average 0.406 20.3 0.0239 0.1779
maximum 0.689 33.4 0.0202 0.2095
Breakdown Breakdown ./_5
return pass Time v Sec Distance Vv ft “ /Vo@x K, ft2/3
Vo = 2.5 ft/sec
minimum 3.50 8.75 0.0316 0.1342
average 9.92 24.8 0.0223 0.1896
2 maximum 16.333 40.8 0.0189 0.2241
L)
Secondary Vorticity
Breakdown Breakdown /'?i
forward (data pass) Time Vv Sec Distance "V ft o /Vo@x K, ft2/3
Vo = 50 ft/sec
minimum 0.084 4.19 0.0076 0.0199
average 0.238 11.88 0.0054 0.0282
maximum 0.391 19.56 0.0046 0.0332
Breakdown Breakdown /—7
return pass Time v Sec Distance Vv ft » /Vo@x K, ft2/3
Vo = 2.5 ft/sec
minimum 3.73 9.32 0.0059 0.0259
] average 10.56 26.41 0.0042 0.0367
maximum 17.40 43.5 0.0035 0.0433

.3
g
3
§
4
3
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