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flow, the cross force per unit length due to the po-
tential flow (Osborn and Crawford 1980) is given by

1 _,dA .
fo = §PV %bln(QQ)a (4)

wherep is the fluid density,A is the cross-sectional
area of the probeg is is the distance from the tip
along the probe axisy is the instantaneous speed
anda is its angle of attack (Fig. 2).

Figure2: A schematic diagram of the airfoil shear 1he total cross force exerted on the probe is es-
probe (courtesy of Fabian Wolk). The piezo-cerami@Plished by integrating (4) along the length of the
beam produces a charge proportional to the cro§§0Pe from the tip (where = A = 0), to the base
stream lift force generated by flow around the prob@vhered4/dz = 0 at x = L), i.e.

L

1
lel plate capacitor, where the electrodes are on eachy = [ fodz = §PV2A sin(2ar) = pAUw, (5)
side and the piezo-ceramic is between the plates.
The beam is attached to a charge sensitive ampubereU is the velocity along the axis of the probe,
fier with an integrating feedback capacit@y, and and w is the fluctuating cross-stream component.
hence the voltage signal generated by a force is givei€ assumption in (5) is that the angle of attack is
by Vout = Q/Cf, WhereQ is the Charge generatecﬁma”, ie. U >> w. The angle of attack must
by the beam. The charg@ has some temperaturd?® smaller thane 10° for the shear probe to re-
dependence, whereas the charge sensitive amplifiend linearly to cross-stream velocity fluctuations
Cy is generally stable with respect to temperatur€dsborn and Crawford 1980). The probes are cal-
The voltage output is passed through a differentrated in the ranger = +10°, and it is gener-
ating circuit to improve the signal-to-noise ratio adlly found that sensitivity can increase by up to 20%
higher frequencies, and in the presence of a constghtr = 10° compared tox = 0°. Maintaining a
speed through the water, becomes a measure of the
along-stream gradient of cross-stream velocity fluc-
tuations (Osborn and Crawford 1980). The probelﬁ
mounted so that its mean travel velocity through t
water is aligned with the axis of revolution of the
probe. This mean velocity is essentially the vehicle’s
rate of travel through the water, and the measured
signal is the fluctuating flow orthogonal (or across-
path) to this direction of travel.

The Mantle’s beam is secured inside a Teflon
sleeve (Mantle) with epoxy, which protects it from
moisture. This sleeve is inserted into the end of
stainless steel shaft, and silicon rubber is moldzB
over the tip to give the probe its characteristic sha
(Fig. 3A). The Bullet's transducer is inserted directly
into a Teflon cap, and is secured using epoxy. The
outer surface of the cap is machined to the desired
profile because the Bullet is simply too small for the
molding process (Fig. 3B). Due to its smaller size,
and the much largery{ 10x) thermal conductivity
of Teflon compared to silicon, the Bullet probe is
sensitive to environmental temperature fluctuatiofgure3: Photographs of the Mantle (A) and Bullet
below abouts Hz (= 5 cpm). Like Nasmyth, this (B) airfoil shear probes. Scales are in millimeters.
forced us to be selective with our data. The Bullet probe has linear dimensions roughly one-

For a slender body of revolution in an inviscidhalf those of the conventional Mantle probe.

Macoun, P. and R. Lueck, 2004: Modelling the spatial response of the airfoil shear probe using different sized probes. J. Atmos. Oceanic Technol., 21, 284-297.



AN-015 Rockland Scientific International, Inc.

small « whenthe probe is mounted on a profiler
rarely a problem however, because these instrum
move through the water at speeds much greatet
1 m s~ ') than the magnitude of the cross-stream
locities (10 — 20 cm s~ 1) (Lueck et al. 1997).

The output signal from an airfoil probe is thus d
scribed by

E, = 2V2SUw, (6)

whereE,, is the probe voltage. The sensitiviyis
determined by A and is proportional to the trans
formation of a mechanical force into a voltage by t
ceramic strain sensor. The factby/2 is an artifact
of the method of calibration employed in our labor
tory. Microstructure sheat)fw/dx and/ordv/0zx) is
obtained from the probe signal by applying the Te
lor frozen field assumption

0 0
I S 7
ot U(")m ’ 0 ‘ ‘ ‘ ‘ ‘ ‘
to the differentiated voltag&,, to give 0 2 4 6 8 10 12 14
oFE ow
E,=—r =2V28U% — 27
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where E; is the output from the analog differentic E 0
tor. Under the assumption of local isotropy of tI -

turbulence, the rate of dissipation of turbulentkine =27
energy is determined using o 2 4 6 8 10 12 14

X [mm]

7.5 <8w>2 7.5 < Es )2 (9) Figure4: Profiles of 4 different airfoil shear probes
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Or L . .
used to make dissipation estimates. Dynamic re-
In practice, the variance of shear is obtained by inteponse estimates for the Osborn and Oakey probes
grating the shear spectrum in wavenumber space.were determined by Ninnis (1984). The Bullet Probe
was first tested in June, 1999.
d. Correcting for Spatial Averaging
Some effort has been made over the last 30 year,

to estimate and model the response of airfolil prob@’ger.e.k is the cyclic wavenurrlt;er and. is the
nsitive wavenumberk{ = A7' = 50 cpm).

to determine the degree to which the probe signal}g kev's adonfi f the sinal et tor functi
attenuated at high wavenumbers. Siddon (1971), €y’s adoption otthe single-poie transter function
s not justified on theoretical grounds, but instead

comparing the response of an airfoil probe (in ai
paring b P ( }emmed from agreement between corrected spectra

to that of a set of crossed hot wires, found sign dthe N h i ] dissination |
divergence occurring at wavelengths four times tl"f'(%1 € Nasmyth spectrum at lower dissipation lev-

diameter of the probe. els (Oakey and Elliot 1982).

Oakey (1982) Suggested that airfoil probes re- In a coastal inlet, Gal’gett et al (1984) simultane-
spond as single-pole low-pass filters, and estimat@dsly measured the stream-wise component of ve-

the effective wavelength of his probe to be = locity using the same heated platinum film probes
2 4+ 1 cm. The form of his amplitude squared re@s Grant et al. (1962), Nasmyth (1970) and Gargett
sponse estimate is (1978), and the cross-stream components of velocity
using “Osborn” airfoil probes (Fig. 4). They estab-
H2(k) = 1 (10) lished a version of the universal spectrum by apply-
1+ (k%)2 ’ ing a polynomial fit to their streamwise dat@®11),
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and, through isotropic relations, also establishec
universal transverse spectrum for comparisot fo
measured by the airfoil probes (whejje= 22, 33).
From the ratio of measured values from the prob _
to the expected values for the transverse spect ¢ 1wl
derived from®,;, they established a response f -

airfoil probes at high wavenumbers. The expressi §

10

2

)
o -2

(%)
8 10°F

R*(k) = (1.033—8.836 x 103k +3.379x 10™%) ™!

2

(11) H Ninnis
was used to correct all cross-stream spectra fi
airfoil probes. The above response function, wk  10®

10° 10" 10°

compared to (10), shows only marginally significa  feom]

differences in th0 < k£ < 40 cpm range when

ke = 65 cpm. Also, Eq. 11 has a half power point afjgres: Spectrum of the vertical shear from a Man-
70 cpm. . tle probe in a highly turbulent coastal channel, com-
Ninnis (1984) attempted to address spatial aveyareq with the dynamic transfer functions of Oakey
aging by airfoil probes through the comparison C(HO) and Ninnis (12). The Ninnis response esti-
probe response to the output from a Laser Dopplgfate is only meant to represent wavenumbers up to

Velocimeter in the far wake of laboratory grid tur-_ 0.7ko, wherek, is the wavenumber of the first
bulence. The test section of the water tunnel Wﬁ?nplitude null.

30 cm by 30 cm cross-section, and 2 meters long.

The instruments were mounted 40 cm downstream

from a bi-planar grid with a mesh length of 1.27 cr@eyond 80 cpm, the Ninnis response rolls off more

and rod diameter of 0.32 cm. He observed that sorseply than (10), before rising again after= k.

low wavenumber down-stream components had asis important to recognize that the spectra of turbu-

sociated high wavenumbers in the cross-stream @ince from laboratory grids are very different from

rection, suggesting the cross-stream averaging egfeanic spectra. There is little separation between

remove some of the down-stream energy. He denergy-containing and dissipating scales, viscosity

veloped a model that incorporated spatial averagiagfects all wavenumbers, and there is very little (if

over the plane transverse to the direction of travghy) inertial sub-range. Extending laboratory mea-

(due to the finite width of the probes), as well as agurements to oceanic turbulence, where there usually

eraging along the direction of the probe due to iis an inertial sub-range, must be done with caution

finite length. and due reservation for the differences in turbulence
Ninnis’ amplitude squared response estimate feharacteristics.

Oakey'’s probe (Oakey 1982), is given by

. Justification for the Single-Pole Model
whereky — 140 cpm, Ag — 1, Ay — —0.165, Ay — a. Justification for the Single-Pole Mode

—4.763, A3 = 5.900 and A, = —1.986. This re- We cannot begin to assess the degree of attenuation
sponse estimate is only meant to represent wavenuma probe signal without first assuming an analytic
bers up to~ 0.7kq, wherek, is the wavenumber of form to describe the physical process governing spa-
the first amplitude null. Ninnis also estimated thgal averaging. Our choice is Oakey'’s transfer func-
response of the Osborn probe (Osborn and Cratien (Eq. 10), which assumes the response to be a lin-
ford 1980), which has a similar outside diameteyar function of a probe dimension. By comparing the
to our conventional Mantle probe (Fig. 4). Ninnisesponse of different sizes of probe to the same envi-
found half-power wavenumbers @) cpm and59 ronmental signal (Fig. 6), while assuming they both
cpm for the Osborn and Oakey probes respectivetgspond according to (10), we are provided with in-
For wavenumbers up to 80 cpm, Oakey’s estimasght into their respective spatial resolutions and into
(A = 2 cm) and Ninnis’ function are similar (Fig. 5).the geometric connection to spatial averaging.
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107" ‘ ; and Crawford 1980), and this force is linear with re-
spect to the angle of attack of the flow (for small
angles of attack). Viscous stress is ignored in favor
of the surface pressure distribution imposed by the
inviscid potential flow. Let us assume that the angle
of attack is initially steady and equal to zero. When
an eddy approaches and then passes over the probe,
the angle of attack will be disturbed. The streamlines
1 around the probe, however, can not change instanta-
neously, and it will take some time for the stream-
. lines to adjust to the new angle of attack imposed
| \ | by the eddy. The adjustment time will be compa-
' rable to the transit time of fluid passing over the
probe. When this is viewed from a spatial perspec-

[s_2 cpm_l]

S

®

10

'_ Prnarie tive, the response is independent of flow speed and
bullet ‘ looks like an adjustment length that is comparable to
10" 10° the length (or some other relevant geometric feature)

k [cpm]

of the probe. That s, the probe must travel a distance
l. for the pressure distribution due to the potential

Figure6: Mantle and Bullet probe spectra from filg,,; 5 adjust to the new angle of attack imposed by
P_13. The probes were mounted side by side Re passing eddy.

TOMI's nose (3.3 cm apart). The ratio of these re- The thin boundary layer over the surface of the

spon_s;_es was the bba3|s for éze determination of tIp?leobe is viscous, and the adjustment of flow within
sensitive wavenumbers,, andk;. the boundary layer may take longer than the poten-
tial flow adjustment because of momentum diffu-

The Oakey response is a single-pole filter, and &N The time scale of diffusive adjustment is not
only parameter is the single “space-constant” inversely proportional to speed. If viscosity is im-
portant, then the probe space-constant will not be in-

e 1 dependent of speed. The contribution of viscosity
le = o ok’ (13) 1o probe response has not_pe_e_n specifically investi-
o ) ] ated. The calibrated sensitivities of our probes ap-
which is proportional Fo the inverse of the cut—ofgear to be independent of speed over the range of
wavenumber k), and is determined by some geog 1 — 1.0 m s~!, suggesting that viscosity is not im-
metric feature of the probe. The most attractive fegprtant. In addition, the drag coefficients for cylin-
ture of this model is its simplicity. However, it iSqers and spheres are nearly independent of Reynolds
not obvious why a space-constant should descriRggmper for a Reynolds number &fx 103, which is
the probe response as opposed to some spatial fijft approximate value for a shear probe at our tow
like a “top-hat” or an even more complicated spaspeeds.

tial smoother. The space-domain weighting function Finally, it should be recognized that the re-

that characterizes a single-pole filter is sponse predicted by a single-pole filter and a spa-
tial smoother, such as a top-hat function of length
h(z) = 17 e /e, (14) (2.2 x k)™, are not very different for wavenum-

and this sort of response comes up naturally in si bgrg sm-aller thaﬁo Thatiis, it may be difficult to

ple systems with inertia. In this case might rep- I”&Ilstmgwsh.the smgle—polg m_odel from other models

resent time instead of .space ahdis, the time- When the signal attenuqtlon is notllarge. Howevgr, a
A single-pole model provides a decidedly better fit to

constant. However, we know of no SySte”? or pr?@f shear probe data than does a double-pole model.
cess that depends on a space-constant. It is possible

that the space-constant proposed by Oakey is actu-
ally a time-constant that appears as a space-conscgint
through the Taylor transformation of time into spac&he Bullet is not an exact half-scale replica of the

The transverse force on the probe comes from thantle probe. In order to establish ratios of the
potential flow over the surface of the probe (Osboiantle’s and Bullet's linear probe dimensions, both

Probe Geometry
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T Tm Tb The Mantle probe’s piezo-ceramic beam is com-
[mm] | [mm] | [mm] pletely inserted and fixed into a Teflon sleeve. The

0 0 0 outer profile of this sleeve increases in diameter
0.12 | 0.28 | 0.28 abruptly at one end in order to securely fit into a
041 | 0.70 | 0.48 stainless steel shaft (sting). The point at which the
070 | 0.89 | 0.62 sleeve thickens to this diameter is the limit for beam
1.00 | 1.06 | 0.74 sensitivity due to significantly enhanced stiffness.
129 | 1.22 | 0.84 The significance of this length is somewhat ambigu-
158 | 1.35 | 0.92 ous when considering the findings by Ninnis (1984)
187 | 1.48 | 1.00 with regard to sensitivity along the axis of the probe.
217 | 1.60 | 1.07 He found the Oakey and Osborn probes to have no-
246 | 1.70 | 1.13 ticeably different sensitivity characteristics from tip

to fulcrum. Also, both probes demonstrated a signif-
icant decrease in sensitivity well before the point of
maximum bending. However, since we do not have
further insight into the nature of the sensitivity for
Mantles and Bullets along their axes, the fulcrum
was selected as the limit for sensitivity and as a di-
mension for comparison. In the case of the Bullet,
there was concern that a Teflon cap would have ex-
cessive rigidity. In an attempt to enhance flexibility,

275 | 1.79 | 1.18
3.05| 1.88 | 1.23
334 | 196 | 1.28
3.63 | 203 | 131
393 | 209 | 134
422 | 215 | 1.36
451 | 2.21 | 1.37
480 | 2.26 | 1.37

5.10 | 2.30 | 1.37 a groove was machined into the fulcrum end of the
539 | 233 | 1.37 Teflon cap (Fig. 3B). The mid-point of this groove is

5.68 | 2.36 | 1.37 taken to be the point of maximum bending. The ratio
593 | 238 | - of these sensitive lengths produdes = 1.46.

6.41 | 241 -

6.89 | 2.43 - According to the theory outlined by (4), gain is

737 | 2.44 - proportional todA/dz, and hence the sensitive part

785 | 2.44 - of the probe is determined by the distribution of

cross-sectional area along the length of the probe.
Table 1: The radial profiles of the Mantle,(y and The radius measurements of both probes with re-
Bullet (r,) probes with respect to distance (z) fronspect to distance from their tips:)( were approxi-
the tip. mated using high order polynomial fits. These fits
were utilized to producelA/dz curves (Fig. 7),
anddA/dxz x L curves, wherd. is the distance be-
probes were photographed and carefully measuregken the estimate fafA/dx and the fulcrum for
(Fig. 3). The linear dimensions selected as inflegach probe. This weighting of cross-sectional area
ences on a probe’s spatial resolution are: diamefeiiewed as representative of the variation in sensi-
(near the fulcrum), length (from tip to fulcrum), andivity with distance away from the fulcrum, where
the distribution ofdA/dx along the length of the probe sensitivity is high near the tip, and zero at
probe. the fulcrum. Below these curves, in Fig. 6, are
The sensitive wavenumbers of the Bullet angheir spectra normalized to unity at low wavenumber,
Mantle probes are assumed to relate according towhich is a measure of howA/dx anddA/dx x L
influence spatial resolution for each probe. From
ky = Ry X kp, (15) these spectra we expect that = k;/km = 1.53
if dA/dx governs spatial resolution, an, =
where R, is a length ratio based on relative probg,/k,, = 1.42 if in fact dA/dx weighted byL is
dimensions. From Table 1, the ratio of Mantlea better measure of probe sensitivity. difi /dx or
to-Bullet outside diameters indicates th&t, = dA/dx x L is the only factor determining probe
dm/dy = 1.78. Siddon (1971) stated that the diameresolution, then the magnitude square of the fourier
ter is roughly equivalent to the relevant lift producingransform of these spatial curves should give the
dimension because of the characteristic shape of thevenumber response of the probes (after normal-
airfoil probe (axi-symmetric and low aspect ratio). izing to a response of 1 at low wavenumber).
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0.08 —— 05 — stream velocity fluctuations. For highly turbulent
20,06 e || €% %= | fijles, a horizontal signal from a Bullet probe can be
%0'04/\ el il | I -- %=%7% | compared to the vertical signal from a Mantle probe,
g %02 b and vice versa. The assumption of isotropy was con-
Co02 \ Zoa1 : firmed for these files by comparing spectra from the

00/_74\: — 00’}54\ ~~ vertical and horizontal cross-stream components for

X [mm] x [mm] like-probes prior to comparing relative responses be-
tween Mantles and Bullets.

The probes were sampled at a rate of 512 samples
E o6 _ per second, and were low-pass filtered with a cut-
off at 200 Hz. A typical vehicle speed dfm s~!
therefore provides us with a wavenumber bandwidth
3 up to 200 cpm. Spectra for both types of probe
K [Cpm]o were established using the periodogram technique,

in conjunction with 50% overlap. Periodograms
Figure 7: (Top left) Plot ofdA/dx for Bullet and were calculated using consecutive 2 second intervals
Mantle probes from polynomial fits to radius meaPf shear data. Since shear spectra are a spatial, rather
surements, and (top right) a plot @fA/dz x L, than temporal phenomenon, 2 second averages of
whereL is the distance betweei /dz and the ful- Velocity (U) were used to convert frequency (cps)
crum. Below each upper plot are the magnitud® Wavenumber (cpm). The final spectrum for each
square of the fourier transform for each curve, whidifobe was compiled by ensemble averaging of the
indicate half power points of,, = 72 cpm and Periodograms according to fixed wavenumber bins,
ky = 110 cpm for thed A/dzx curves, and,, = 85 which are uniformly distributed in logspace. The
cpm andk;, = 121 cpm for thedA/dz x L curves. result of this technique is a smoother spectrum at

higher wavenumbers (20150 cpm) due to the wider
. bandwidth of high wavenumber bins. Further aver-

4, AnaIyS|s aging of probe spectra was achieved by combining
spectra from like-probes.

A scaling adjustment to spectra was typically re-
In June of 1999, Mantle and Bullet probes were uségired at this stage in order to ensure different probe
in side by side microstructure measurements in S&ignals matched in the inertial sub-range. Discrep-
sum Narrows, British Columbia. From five days ojncies in spectral level between Mantle and Bullet
tows using our horizontal profiler TOMI (Wolk andsignals in the inertial sub-range were common, and
Lueck 2001), we collected over 34 hours of turbliave been attributed to temperature related calibra-
lence data from which to draw for our comparisofion errors. Large mean changes in temperature have
of respective probe responses at different dissipatiaf €ffect on the sensitivityY( = S(7")) of a probe,
rates. We towed TOMI for 6 days in August 2000and seem to affect Mantle and Bullet sensitivities
again in Sansum Narrows, and obtained additiorffferently. Our probes were calibrated in an aver-
data for comparison with the findings from 1999. age water temperature o2 °C. However, Sansum
The data for this analysis were selected to encofarrows experiences temperatures ranging fsdm
pass a range in dissipation rate, and were screefédC, and hence probe sensitivities are not constant.
for temperature contamination in the Bullet probdn order to compensate for this effect, outlying spec-
Three hours of shear data spanning= 5 x 10~7 trawere scaled to match the ordinate level of the best
to 8 x 10~° W kg~! were ultimately selected, anc@Pparent spectrum in theto 15 cpm range. By
then divided into the 18 file segments summarized $§aling spectra we are in effect making minor adjust-
Table 2. ments to the sensitivity values for each probe, which
Four different Mantles and three Bullets were eniesults in spectral shifts parallel to the ordinate axis.
ployed at various times and in a variety of orientathe implied change in sensitivity to provide properly
tions in these files. Our horizontal profiler suppor@ligned spectra rarely exceeded%, which is also
up to four shear probes (3 5 cm apart, dependingthe calibration error o' (+5%).
on position) at any given time, and probes can beBelow 5 cpm, Bullet signals typically exhibited
oriented to sense either vertical or horizontal crossrroneous content due to low frequency temperature

e (

P hsse

a. Selection and Processing of Data
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1 ‘ ‘ ‘ ] We evaluated (16) over a large range of bbthand
s (ky = s x k;,) by establishing a 2-D space over
the ranges30 to 70 cpm and1 to 3 in steps 0f0.1

1.2r

Lar 1 [ 7190% and0.01 respectively. The single-pole response ra-
16l | tio was computed for all possible combinations, giv-
. ing 8 x 10* estimates of? (k). The range fok,,
| \ 1 [ 1°%¢ was broader initially but was reduced after results
g ) indicated thatk,, was well below the half-power
2 wavenumber estimated by Ninnis.(4 70 cpm) for
& 22 1 0054 the Osborn probe. The range selectedsfaras cho-
24l | sen based on both Oakey’s predictions, and on the

expected values for previously discussed.

28¢ 1 0052 The optimum values df,, ands for each file were
28l i determined by the estimate & (k) that provided
the best fit to the measured spectral rafig (k)
% 20 50 60 0 % (whereRg(k) = ®,,/®;). For each estimate of
k. [cpm] Ry (k),
Figure 8: Output from the optimization procedure. _
Optimal values fork,,, and s listed in Table 2 are (RH(k) RQ(k)) (17)

the combination of these two parameters that yielghs established over the wavenumber rahgek <
the minimum mean value of the difference betwean) cpm. The smallest value of (17) highlighted the
Ry (k) and Ry (k) (gray shading scale). For thisyest estimate of2y; (k) from all possible estimates,
particular file, k,, = 50.2 cpm, s = 1.78 and zn( yielded the optimunt,, and s values for that
ky = 89.4. particular spectral rati®s (k).
A typical result from this optimization routine is
shown in Fig. 8. The vertical scale on the right is

fluctuations (see Appendix). These spurious S'the magnitude of the mean of the difference (Eq. 17)
nals occasionally found their way to sufficiently high '

wavenumber to make the matching of spectra in the
chosen range difficult. Mantle and Bullet probes | 12 P
port different levels abové5s — 20 cpm in elevated 11} _ Rj(k) i
turbulence due to spatial averaging, and hehge
cpm was deemed a reasonable upper bound for al
ment of spectra. oo

T
o
I

£

b. Parameter Estimation R
e
The single-pole, low-pass filter is a simple, on g
dimensional model that describes spatial averac
through a single parameter, the sensitive waveni
ber (k). For each file in Table 2, the sensitive
“optimum” wavenumbers for the Mantle:(,) and
the Bullet (%) were established by comparingther o2 o e
tio of Mantle spectra (§,) and Bullet spectra (§, K [cpm]
to a single-pole response ratio defineddyyandk,,.
The single-pole response ratio (Mantle-to-Bullefjigure9: The Mantle-to-Bullet spectral ratiB (k)

is (o) from file P13 (see Fig. 6), and its optimum

single-pole response rat®y (k) (solid line), where

km = 49.4 cpm ands = 1.81. Values belows cpm
HZ2 (k) 1+ (%)Q 1+ (SX’ZW ) were not plotted on account of temperature contam-
- H2(k) T 1r ()2 R (£)2 = ination in the Bullet signal.Ry; (k) coincides well

" " (16) With R (k) over all wavenumbers.

0.3r

10
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# | file | length U € ¢/uN? km s ky
[s] | [ms™']| [Wkg™'] | [1x10% | [cpm] [cpm]
1| PO1 560 1.10 5.0 x 1077 274 505 | 1.73| 87.1
2 | P03 | 440 1.25 1.8 x 1076 9 60.5 | 1.90 | 114.6
3 | P05 250 1.19 4.3 x10°° 174 56.7 | 1.88 | 106.3
4 | P06 310 1.03 5.0 x 107° 432 46.9 | 1.80| 84.2
5 | P08 | 400 1.32 5.0x 10~7 1 50.6 | 1.82| 92.1
6 | P11 | 420 1.58 1.8 x 1076 5 454 | 1.82| 82.6
7 | P12 500 1.54 9.0 x 1076 - 46.0 | 1.87 | 85.8
8 | P.13 500 1.06 5.0x 107° - 49.4 | 1.81| 89.2
9 | P.14| 500 1.38 | 8.0x10~° - 48.2 | 1.95| 94.0
10 | P15 | 1880 1.43 2.5x%x 1076 8 450 | 1.69| 75.8
11| P.16 | 1880 1.25 | 4.0x10~° 192 499 | 1.88| 93.8
12 | P_18 990 1.29 1.5 x 1077 31 48.7 | 1.75| 85.2
13 | P20 470 1.09 8.5x 107° 19 440 | 1.54| 67.5
14 | P22 | 1000 1.76 5.0 x 1077 98 48.8 | 1.79| 87.1
15 | P28 400 1.11 6.0 x 10~° 115 48.2 | 1.67 | 80.3
16 | P29 | 400 0.95 5.0 x 107° 87 61.8 | 1.55| 95.8
17 | P31 200 1.45 4.5 % 1075 22 53.3 | 1.78 | 94.9
18 | P33 500 1.01 28 x 1077 74 495 | 1.77| 87.4

Table 2: A summary of the files used in the analysis and their corresponding optimum valkgsdfiod ;.

between a ratio determined by (16) and a measured= 5.0.
signal ratio (2¢). For the file represented in Fig. 8, The upper panel of Fig. 10 is a plot f, values
the minimum value of (17) occurs &f, = 50.2 and with respect to dissipation level. It indicates the ex-
s = 1.78. The optimun,,, ands values for each file jstence of a fixed value fdt,, by virtue of the small
were calculated using this computationally efficienfinge ink,, that was observed. This lack of sys-
method, and are tabulated in Table 2. tematic dependence @f,, on dissipation level fur-
Fig. 9 is a graph ofRs (o) for 500 seconds of ther validates the hypothesis that response is simply
shear data, and its optimum response r&tip(solid a function of a linear dimension of the probe. For
line) determined from (17). Its associated optimumhree hours of turbulent shear data, ranging in dissi-
parameters aré,, = 49.4 ands = 1.81 (k, = pation rate from =5 x 10~7t08 x 107> W kg~ !,
1.81 x 49.4 = 89.4 cpm). The improved resolu-we findk,, ~ 49 cpm (k,,, = 49.1 cpm is not only
tion of the Bullet probe over the Mantle is evidenthe median but also fits well over all dissipation lev-
through the dramatic drop in the signal ratio (vertels).
cal axis) at higher wavenumbers, and the use of agimilarly, the scaling factors] that relates the
one-dimensional model to quantify this difference igyjlet response to the Mantle spans a range, from
clearly adequate. 1.55, to 1.95 (Fig. 10). As wittk,,, the bulk of
the estimates fog lie in a limited band. The me-
dian value is 1.80 and the mean is 1.78, with a stan-
5. Results dard deviation ofr, = 0.11. We takes = 1.79,
indicatingk;, = 87.7 cpm (= 88 cpm). The dimen-
Table 2 summarizes the results of using a single-p&i@n with a ratio closest te = 1.79 is the diameter
filter as a model for describing the spatial attenu&fs = 1.78). Based on this finding, the half-power
tion of signals generated by Mantle and Bullet she#@venumbers for the Osborn and Oakey probes are
probes. The optimum values fér, range from44 &k = 50 andk = 41 cpm respectively.
to 62 cpm (Fig. 10). Inspection of the results yields Fig. 11 is an assembly of all the spectral den-
a grouping ofk,,, values in the limited range aof5 sity ratios from measured signals used to establish
to 51 cpm. The median value i49.1 cpm, and k,, andk;,, along with the curve folRy (k) when
the mean i$0.2 cpm with a standard deviation ofk,,, = 49 andk;, = 88 cpm. The curve produced by
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ofl,, = 3.2mm (\,, = 20.1 mm) andi, ~ 1.8 mm

(Mo 11.3 mm). These values fon,, and A,
show a distinct similarity to the findings of Siddon
(1971), who found signal divergence occurring at
wavelengths four times the diameter of his probe.
The diameter of the Mantle and Bullet probes are
d,, = 4.88 mm andd, = 2.74 mm respectively, and
four times these values are almost exactly equiva-
lent to the half-power wavelengths, and);,, where

4 X d,, = 19.5 mm, and4 x d, = 11.0 mm. Al-
though these similarities are encouraging, the com-
plicated dependence of probe sensitivity on geome-
try remains somewhat unresolved at this time, due in
part to the lack of observational support in this work
for the expectation thatA/dz plays a role in probe
sensitivity.

~
~

U

As previously discussed,, andi, should not be
Figure10: The results of the optimization procedurgpeed dependent if molecular viscosity is unimpor-
(km inthe upper panel andin the center panel) plot-tant for the adjustment process. From the lower
ted with respect to dissipation rate. The dashed Iinﬁgnd in Fig. 10, we see thaj, shows no systematic
correspond to the median values/f (49.1 cpm) gependence on the average speed through the water
ands (1.80). The lower panel is a plot of optimumg; and hence we believe that viscosity plays a negli-

k. values with respect to average velodity A lack gible role in the response of airfoil probes.
of dependency of,,, on U suggests that molecular

viscosity is unimportant for the adjustment process
described in Section 3a.

12

the single-pole model in Fig. 11 nicely overlays tl
measured ratios, and gives us confidence that ou 11f — R, |
timates fork,,, andk;, are representative for all files 1
Whenk,, andk, are used to correct Mantle an
Bullet signals, both signals take the same form e«
for the most part give identical measures of the disN;E
pation rate (Fig. 12 and Fig. 13). In Fig. 13, the ort
nate values from corrected Mantle and Bullet sp o
tra are plotted against one another, and coincide \ e
over a range in dissipation rate. This agreement
tween corrected spectra from different probes furt|

0.9r

0.81

0.7

o

6F

0.5

0.4r
supports our estimate fer and allows us to compar
corrected signals from either type of probe agai 03r
the Nasmyth spectrum. 0.2 o -

10
k [cpm]

6. Discussion Figure 11: Mantle-to-Bullet spectral ratiofq (k)

(+) from all files, and the single-pole response ratio
Ry (k) (solid line) fork,, = 49 cpm ands = 1.79
Through our comparative analysis of different sizd§» = 88 cpm). Also plotted are confidence intervals
of airfoil shear probe, we have established halfdashed lines) forzy (k) based on the standard de-
power points ofk,, ~ 49 cpm for the Mantle probe Viations ofk,,, ands, wherek,,, + 204 ands — 20,
andk;, ~ 88 cpm for the Bullet probe. According toYield the upper bound ankl,, — 20, ands + 2o
Eq. 13, these values correspond to space-constdtigvide the lower bound.

a. Space-constants

12
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dissipation levels corrected using Ninnis’ approach
have in fact been too low and that, on average, dis-
sipation levels are higher than previously thought.

1 This observation, coupled with the inherent differ-

ences in wavenumber content between laboratory
and oceanic flows, emphasizes the difficulties asso-

+ | ciated with comparing turbulent scales from these

two environments.

| c. Corrected Signals and Nasmyth

Fig. 14 shows the shear spectrum for a Mantle, its
corrected form, and the Nasmyth curve for a range
in dissipation rate. The dissipation rates shown in
Fig. 14 correspond to a fitted form of the Nasmyth

curve that best fits the inertial sub-range of the mea-

Figure 12: Mantle (thick solid) and Bullet (thick sured spectrum, and is not the result of using the

dashed) spectra for two dissipation rates, and thgigasured signal in conjunction with (9). This fitted
corrected forms (thin solid and dashed).

form (Wolk et al. 2002) is described by

ale=5x107Wkg?® o £=2x10°%Wkgto o 1/3
’ 10 i O e T
_ 2 ] Do° +(20 n)
¢ L dddo © p“’p wherek,, = k/k, is the non-dimensional wavenum-
sl i & 1o o‘,égf ber andG (k,,) values correspond to those derived
2 for the transverse spectrum by Oakey (1982) from
10" o 10" o Nasmyth’s measurement &f ;.
b b At higher dissipation rates, a corrected Mantle
102 e=9x10°Wkgt _,* £=5x10"°Wkg™t {’\ signal captures significantly greater variance than
3 & its original signal, but is lower than what Nasmyth
of a‘P G}Elo’2 9:39 would predict. This variance discrepancy with re-
. $8 V' spect to Nasmyth's spectrum is dependent on dis-
10 o ,a“’ sipation rate. From Fig. 14, corrected spectral
10737 estimates for both Bullets and Mantles are within
o 10° 10° q3102 90% of the variance predicted by Nasmyth's esti-
b b

mate whenl0~7 < e < 107% Wkg~!, which

) _ . ) resembles Oakey’s (Oakey and Elliot 1982) results
Figure13: Comparing ordinate values () from SpeGyhen comparing corrected spectra using (10) to Nas-

tra of corrected Mantle®,,,) and Bullet (%)) signals myiys estimate of the transverse spectrum. At dis-
for different d|SS|pat_|on rates. .The dashed line COipation levels higher thah0—¢ W ke, the cor-
responds to an equivalent estimate from both. Thigeteq signals produce decreasing estimates of the
comparison validates our estimate foover a range ghear variance relative to Nasmyth’s curve, such that
in dissipation rate. by e = 10~* W kg~ !, the corrected estimate is only
55% of the predicted variance.

This trend is summarized in Fig. 15, which shows
the variance captured by the Mantle probe, the Bul-
In contrast to these findings, Ninnis’ transfer fundet probe, and their corrected forms, relative to Nas-
tion produced the half-power wavenumbkr = myth’s estimate, for all data files. Dashed lines have
70 cpm for the Osborn probe, which has a simibeen fit to the data points to highlight this increas-
lar diameter to the Mantle probe. These findingag relative discrepancy with respect to dissipation
suggest Ninnis’ approach tends to underestimate tage. When considering intercepts, it appears that the
degree to which the environmental signal is attenerrected signals show equivalent variance to Nas-
uated. This implies that airfoil probe estimates ahyth whene < 2 x 10~7 W kg~. In addition, the

b. Corrected Signals and Ninnis

13
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10" about this derivation?

Further doubt in the universality of the velocity
spectrum comes from work done by Doron et al.
(2001), who used a particle image velocimetry sys-
tem (PIV) to establish spatial energy and dissipation
spectra for flows in the bottom boundary layer off
the coast of New Jersey. PIV provides two dimen-
sional velocity distributions within a prescribed sam-
ple area which are true spatial spectra since they do
not involve the use of the Taylor hypothesis. Direct
estimates ok were established from the measured
components of the deformation tensor, which were
then compared to estimates from a number of meth-
1 ods based on assumptions of isotropy. The integrated
Nasmyth Universal curve, along with estimates from
- q)Nasmyth \ curve fitting in the inertial range and energy flux con-
- cDOriginaI Mantle siderations, yielded0% — 100% higher rates of dis-
r=m @ ected Mantle sipation than the direct estimate. Furthermore, the

‘ > data indicated a distinct lack of local isotropy at all
scales, including the viscous dissipation range, as
well as clear systematic differences between strain-

Figure14: Mantle spectra (thin line), their corrected2te SPectra of velocity components parallel and per-

form (thick dashed), and the Nasmyth curve (thi&endlcular to the direction of the mean flow.
solid) for a range of dissipation rates. The corrected
form of the Bullet signal is adequately represented
by the corrected Mantle signal, and is hence omit-
ted for clarity. The corrected form of the Mar

£=8x10°Wkg

10 "¢
£=8x10°Wkg?

3| e=5x10"Wkg*
10 ¢

[s% cpm™}
w

s

()

e=5x10°Wkg*

10

10° 10" 10

k [cpm]

100 <~

tle differs little from its original form at dissipatior T
rates where spatial averaging is no longer an is 9 _
(e <1078 W kg™ 1). ol T . ;3 .

S 70~ T \: \::‘ -4 {ﬁ
correction can be applied to signals below this dis;:Z . o g:} b
pation rate without generating false variance sirg *| R IR B
the effects of the single-pole model are much £ <ol e F
duced at the lower wavenumbers characteristic” :\.\\ T o0
lower dissipation rates. For example, the Mantles  *° e 2T
nal (thin solid line) in Fig. 14 which corresponc  |[ s Mante probe RSO
toe = 5 x 1078 Wkg! is little changed when 9 Comeced ."
corrected using the single-pole model (thick dast 2 e e o
line). £ Wk

The discrepancy between Nasmyth'’s estimate and

our corrected shear probe estimate brings various mgure 15: The variance measured by the Mantle,
certainties in Nasmyth’s work back to our discugdullet and their corrected form, with respect to the
sion. How much faith can we have in a uni\/ers&{lasmyth estimate, for all files. The dashed lines
curve that represents all levels of dissipation, behow the decrease in the variance of all three sig-
is based on under 500 seconds of data at near cBals relative to Nasmyth with increasing dissipation
stant dissipation rate? Furthermore, the transveféée. The observed trend in the corrected spectra
spectrum is a derivation based on his measuremgHggest that corrected signals capture all shear vari-
of the longitudinal spectrum and the assumption 8nce with respect to Nasmyth's predictions when
isotropy. To what extent should we be concerned< 2 x 1077 W kg~".
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d. Isotropy 107

Gargett et al. (1984) (hereafter GON) carried out
in depth analysis of spectral shapes from longitu
nal and transverse shear measurements for the
pose of investigating the local isotropy of turbulen —
in a strongly stratified fluid. Their stream-wise ra ‘g
of strain measurements were made using a heaN‘ﬂw’s’
platinum film capable of resolving the entire dis¢ ¢»
pation spectrumd&; ), and the transverse shear es
mates were made using airfoil probes. Their estim 10
of ®;; showed small differences in high wavenur
ber shapes to Nasmyth's form, and to the form p
dicted by Champagne (1978). They attributed the 10 s

differences between all three estimates of the I 10 i eprl 10
gitudinal velocity spectrum to errors in curve fit-

ting to data points, and recognized that these err@figure 16: Obvious contamination of the Bullet
would propagate into the universal transverse forspectrum at low wavenumber attributed to low fre-

Temperature contamination

10 ¢

5 (7 = 22,33). They found quency temperature fluctuations. The Bullet is
more susceptible to thermal effects because its outer
% =200 (19) Teflon cap is more thermally conductives (10x)
14

than the silicon mold surrounding the Mantle probe.
to represent the limit for the assumption of locaAlso shown is the wavenumber range-(515 cpm)
isotropy at dissipative scales. This limit defines theelected for the alignment of spectra in the inertial
conditions required for the employment of a singleub-range.
component of the velocity field to estimate dissipa-
tion rate. Values of (19) for the files employed in .
this analysis are well above this minimum requird®" dissipation rates in the rangex 107* to 8 x
ment established by GON for the assumption of 180> W kg™'. Corrected spectra at high wavenum-
cal isotropy (Table 2). Hence, our data appears R6" are systematically lower than the Nasmyth spec-
be from isotropic regions, however, the more recefiM. and this discrepancy increases with increasing
findings of Doron et al. (2001) suggest that perhagissipation rate.
isotropy, even at dissipative scales, is not ensured.
Acknowledgments: We thank the reviewers for
. their insight and comments, and Tom Osborn for
7. Conclusions useful suggestions. This work is supported by the
U.S. Office of Naval Research under Grant NOO014-
A single-pole model for the wavenumber responsg-1-0362.
of the airfoil probe closely predicts the relative re-
sponse of our conventional probe (Mantle) and a
new half-size probe (Bullet). Sensitive wavenumA Signal Contamination
bersk,, ~ 49 cpm andk, =~ 88 cpm were estab-
lished by comparing the relative responses of Mantge encountered a significant degree of contamina-
and Bullet probes. The single-pole model indicatéi®n at low wavenumbers in the Bullet's signal as a
that the probe diameter near its fulcrum is the key gethole. Low-pass filtered T'/0x data from a ther-
ometric dimension influencing the wavenumber renistor anddw/9z data from a Bullet exhibit a clear
sponse. Ninnis’ correction for spatial averaging aforrelation at low wavenumber, indicating the con-
the probe signal suggests a larger valueifgrthan tamination is a result of low frequency temperature
we have determined, and is viewed with skepticisfluctuations, which concurs with the prediction of
due to the wavenumber differences between labof@sborn and Crawford (1980).
tory and oceanic flows. The silicon mold protects the Mantle’s beam from
Mantle ($,,) and Bullet (%) shear spectra, whentemperature changes more effectively than the Bul-
corrected using the single-pole model, agree wédt's Teflon shell. The significant contamination of
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the Bullet probe at low wavenumber (Fig. 16) lim-Oakey, N. S., 1982: Determination of the rate of dis-
its our ability to resolve large-scale features from sipation of turbulent kinetic energy from simulta-
its low wavenumber content in thermally stratified neous temperature and velocity shear microstruc-
turbulence. Until improvements to its thermal insu- ture measurementsl. Phys. Oceanogrl2, 256—
lation are addressed, the Bullet remains only useful271.

for estimating dissipation levels from wavenumbers , R
aboves cpm. Oakey, N. S. and J. A. Elliot, 1982: Dissipa-

tion within the surface mixed layer.J. Phys.
Oceanogr.12, 171-185.
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