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Although the thickness of the wviscous sublayer scales with v/u*
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ocean floor are very similar to those found in the laboratory.
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A STUDY OF TURBULENCE IN THE VISCOUS SUBLAYER AND LOGARITHMIC

REGION OF THE BOTTOM BOUNDARY LAYER

CHAPTER I

UNIVERSAL SIMILARITY AND THE THICKNESS OF THE VISCOUS SUBLAYER

AT THE OCEAN FLOOR

T. M. Chriss

School of Oceanography

Oregon State University

Corvallis, Oregon 97331



ABSTRACT
Experiments conducted on the Oregon continental shelf in June 1979
indicate that the boundary layer flow at the sea floor was hydrody-
namically smooth. Fine-resolution velocity profiles are used to test
the assumption that the flow behaved like a universally-similar, neu-
trally-buoyant flow cver a smooth wall. Although estimates of
von Karman's constant (0.43 + .05) are consistent with values from
laboratory and atmospheric boundary layers, the non-dimensional
thickness of the viscous sublayer is more variable than in laboratory
studies. Because the flow is not as simple as implied by universal
similarity, bed stress estimates using the commonly cited equations
which are based on universal similarity may not always yvield accurate

results.



INTRCDUCTION

The simplest model that might describe the flow near the sea bed
is provided by laboratory studies of neutrally stratified turbulent
boundary lavers (Monin and Yaglom, 1271; Townsend, 1976; Yaglom,
197%) . This model is specially appealing because the concept of
universal similarity seems to apply to these flows. The concept
suggests that experimental results, when expressed in an appropriate
non~-dimensional form, are independent of flow conditions and fluid
properties. Thus, profiles of mean velocity and other flow variables
become "universal"” when velocity measurements are non-dimensionalized
by an appropriate velocity scale, and when distances from the boundary
are non~dimensionalized by an appropriate length scale.

In an earlier paper (Caldwell and Chriss, 1979), we demonstrated,
for the first time, the existence of a viscous sublayer in the near-
bed £low in the ocean. A later, more detailed examination of addi-
tional data from that experiment revealed a "kink" in the profiles
11-15 cm above the bed. We concluded that the flow above the kink
was significantly influenced by form drag due to topographic irregu-
larities (Chriss and Caldwell, 198la). Although the flow was "hydro-
dynamically smooth" in the sense that a viscous sublayer was always
present, the true bed stress {computed from the velocity profile in
the viscous sublayer) was several times smaller than the stress

computed from the portion of the velocity profile influenced by form
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drag. A subsequent experiment (June 1979) confirms the existence of
a viscous sublayer but data analysis (later in this paper) indicates
no measurable influence of form drag on the flow. We might, then,
picture the near-bed flow as closely resembling iaboratory Flows over
a smooth wall, but sometimes being perturbed by the effects of small-
scale topography.

Because the data from June 1979 show no obvious influence of
topographic irregularities, we use it to examine the hypothesis that,
in the absence of such influence, the flow can be appropriately
described as a universally similar, neutrally-buoyant boundary layer
flow on a smooth wall. Data gathered during this experiment will be
used to test the applicability of the assumptions that lead to the
conventional equations for such flows. This question is far from
academic. Papers dealing with sediment transport and boundary layer
processes {e.g. Bowden, 1978; Wimbush and Munk, 1971; Komar, 1976)
often cite equations which imply that, if a viscous sublayer exists,
the flow behaves like universally similar, neutrally-buoyant flows
over a smooth wall. We find that, even in the absence of form drag
effects, the very near-bed flow.is not quite so simple and that bed
stress estimates based on the assumption of universal similarity may

not always be accurate.

THEORETICAL BACKGROUND
This development follows Monin and Yaglom (1971, chapter 3},
recasting slightly to emphasize the significance of the viscous

sublayer. Given that a viscous sublayer exists in which the molecular



Viscosity, v, dominates the vertical transport of momentum, the
stress at the wall, Tyt is given by:

_ .G
T, =PV P (1)

where p is the density of the fluid and U is the mean velocity at a

distance z from the wall. Defining the friction velocity

u, = (t_se) 2 (2)

and integrating (1) yields an expression for the velocity profile in
the viscous sublayer

U(z) = ufz/v (3)

In the constant stress portion of the overlying turbulent logarithmic
layer, the shear is given by

50

§TEE_ET'= u,/k : (4)

which defines von Karman's constant, k. Integrating (4), we obtain
U(z) = (u,/k) 1n z + C (5)

where C is a constant of integration whose value is still to be
determined. Defining the sublayer thickness, §, by the point where
the extrapolated sublayer profile (3) and the logarithmic velocity

profile (5) intersect, we obtain:
2 .
w,8/v = (u,/k) 1n 6 + C (6]

Therefore, the constant of integration C is explicitly a function of

the thickness of the viscous sublayer, ¢, and is given by:

¢ = ulé/v - (u/k) 1n B (7)



Thus, for the logarithmic portion of the turbulent boundary layer,
T(z) = (u,/k) In (2/6) + w6/ (8)

This form of the logarithmic profile equation demonstrates that the
mean velocity withiﬁ the logarithmic layer above a smooth wall depends
not only con u, but also on the sublayer thickness (Fig. 1).

Defining the non-dimensional distance from the wall, z+, the
non-dimensional sublayer thickness, 6+, and a non-dimensional mean
velocity, U+, by z/(v/u,), 5/(v/u*), and G/u*, respectively, we

obtain
vt = (%) in (27T 4 8T (9)

If k and 6+ are "universal constants," then this simple equation
defines the logarithmic portion of all neutrally-buoyant turbulent
boundary layer flows over a smooth wall.

At this point it is important to clarify the relationship between
(9), and the commonly cited non-dimensional equation for the turbulent
logarithmic layer over a smooth wall (Monin and Yaglom, 1971, p. 276-
277) =

U+=Aln z++B (10)

+
Comparison of (9) and (10) demonstrates that B is related to & by

B=-Alns +& (11)

Laboratory studies demonstrate that A and B do not vary signifi-
| cantly with fluid properties or flow conditions, thus lending support
to universal similarity (Monin and Yaglom, 1971, p. 277). The most

‘ reiiable data (Monin and Yaglom, 1971: Yaglom, 1979) indicate that A

R



Figure I-1. Theoretical nean velocity profile for a logarithmic
layer overlying a viscous sublayer. Note that a logarithmic

scale has been used for the distance from the boundary.
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is close to 2.5 (corresponding to a von Karman's constant of 0.4) and
that B is 5 to 5.5. (While various investigators cite slightly
different values for 2 and B, the differences are simall. They are
usually attributed to measurement errors or to differences in the z+
range used for determining A and B. It should be clear from (11)
that universal similarity requires that the non-dimensional sublaver
thickness 6+ be constant and that its value be between 11 and 11.6
{corresponding to B = 5 tec 5.5). Because the difference between 6+ =
11.1 and 6+ = 11.6 reflects itself as a change of at most 2 percent
in U(z), the differences between these two values is virtually insig-
nificant. We will arbitrarily refer to the non-dimensicnal sublayer
thickness of laboratory experiments as being 11.1 even though some
workers cite slightly different values. We eﬁphasizg that this
value, like equation (11), is based on operationally defining the
sublayer thickness by the intersection of the extrapolated linear and
logarithmic velocity profiles. In doing so, 6+ includes not only the
"true" viscous sublayer (the linear velocity profile region), but
also a portion of the "buffer" region in which molecular viscosity
and turbulence both contribute significantly to the vertical transport
of wmomentum.

The data obtained during our experiments represent, to the Eest
of our kncwledge, the only velocity measurements obtained within the
viscous sublayer of a geophysical boundary layer flow. Determinations
of k and 5+ permit us to evaluate the extent to which this geophysical
boundary layer flow can be described as a universally similar, neu-

trally-buoyant turbulent flow over a smooth wall.
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THE EXPERIMENT

The experiment was carried out between Juhe 5 and June 13, 1979
in 20 m and 185 m water depth at 45°20'N on the Oregon shelf. The
surface sediment at the 20 m station is a fine sand whereas at the
185 m station it is a silty sand {(Runge, 1966). The data were ob-
tained from profiling heated-thermistor velocity sensors mounted on a
2 m high tripod on the sea floor. Most data come from two deployments
at the 185 m station. Some additional data were obtained during a
deployment at the 20 m station. A data acquisition system on the
tripod sampled each thermistor at an interval set from 2 seconds to 4
seconds depending on the deployment duration, 1 to 3 days. Additicnal
instrumentation included profiling and stationary temperature sensors,
Savonius rotors, a 25 cm path-length beam transmissometer, a high-
resolution pressure transducer, and a time-lapse motion picture
camera which monitored the condition of the sensors.

Current was supplied to each heatad thermistor to heat it ap-
proximately 20°C above the water temperature. Because the velocity
calibration is a function of both the water temperature and the
orientation of the flow with respect to the thermistor, each thermis-
tor was post-calibrated at the temperatures and flow directions
observed during the experiment. Calibrations were performed by

towing them in a 1 m radius annular channel, fitting to the fermula
N
P/AT = a+b U {12)

where P is the power dissipated in the thermistor, AT is its tempera~

ture rise, U is the speed, and 2, b, and N are experimentally deter-
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rined. Inversion of this formula allows the calculation of speed
from measurements of P/AT, which is computed from the output of a
bridge circuit. Using (12) with empirically-detevmined a, b, and N,
speed can be determined within 0.1 cm/s in the laboratory. The
heated thermistors measure speed only, flow direction is determined
by a small vane.

The heated thermistors were carried up and down by & crank-and-
piston mechanism driven by an underwater motor. The profiling ther~
mistors and the profiler mechanism was mounted outside one tripod
leg, assuring unobstructed flow through an arc of 300 degrees. Only
cases of unobstructed flow were chosen for analysis. The profiling
period for these experiments was either one minute or ten minutes.
The profiler period was optimized to measure temperature gradients
within the viscous sublayer. The vertical travel of the sensors was
& cm. To make sure that the thermistors penetrated the viscous
sublayer (which at most a few cm thick), we allowed the thermistors
to penetrate the sediment. The vertical position of the thermistors
was determined from the output of a potentiometer connected to the
profiler motor. Calibration of the profiler system showed that
vertical position of the sensorsg ¢an be determined within 0.03 cm.
The position of the sediment-water interface was taken to be the
zero-velocity intercept of the linear velocity profile in the viscous
sublayer.

The Savonius rotor used in the data analysis was calibrated in

the tew facility at the Bonneville Dam laboratory of the U.S. Army

Corps of Engineers. The standard error of tne calibration equation
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is 0.33 cm/s.

DATA ANALYSIS

Mean velocity profiles were constructed by averaging over time
intervals 2 to 133 minutes long, each interval containing multiple
traverses. With a few exceptions, discussed later, intervals were
chosen for steadiness of speed and direction. The lower portion of
each traverse was divided intoc segments 0.1 cm thick for averaging,
and the mean for each was determined by averaging all measurements
within it during the repeated traverses. A typical averaged profile
is shown in Figure 2 in which the linear profile just above the
sediment again demonstrates the existence of a viscous sublayer. A
semi-logarithmic plot of the same data (Fig. 3) indicates that the
upper section is consistent with the assumption of a turbulent loga-
rithmic layer. (In the logarithmic layer the velocity data has been
averaged over 0.3 cm intervals.) The shear in the viscous sublayer
was determined by linear regression, and the bed stress and the
friction velocity were computed using (1) and (2). The kinematic
viscosity, v, for use in (1) was obtained from standard tables.

Velocity sensors sometimes malfunctioned (due to sea water
leakage) or were broken during recovery. We allowed for these con-
tingencies by using several sensors and always recovered at least one
functioning sensor for post-calibration. We have compared the data
from two thermistors separated horizontally by 11 cm during one of
the 185 m deployments. In six of ten intervals, the velocity profiles

from the two agree closely, the average difference between u, values
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Figure I-2. Typical mean velocity profile for the June 1979 experi-
ment. The lowermost straight line represents a linear fit to

‘ the points in the viscous sublayer whereas the uppermost line

represents a fit to the points in the lower portion of the

logarithmic layer.
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Figure I-3. Same data as in Figure 2 but plotted with a logarithmic

‘ scale for the distance above the sediment.
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being only 3 percent. The four remaining intervals show an average
difference of 25 percent. BAlthough these four profiles do not agree
in the sublayer, they agree very well above, suggesting that the
differences may reflect real differences in the near-bed flow rather
than sensor malfunction. If the differences are caused by sensor
malfunction, the malfunctions must have been episodic, for these
intervals are bounded by others in which the two sensors agree closely.
We conjecture that the near-bed differences in the flow, if real,
could have been the result of tiny topographic irregularities, their
influence being limited to flow from certain directions. Because the
resolution of our bottom photography is inadequate show such features
and because the only arquments favoring sensor malfunction are that
the .two sensors do not agree, we have chosen to present the data from
both sensors in the four cases in which they differ. It should be
noted that inclusion of the data from both sensors in the following

analysis does not significantly affect the conclusions of this study.

Estimation of von Karman's constant

Given u, (from the sublayer profile) and the shear in the loga-
rithmic layer, cne can solve {4) for k. Because the traverse was
limited to 6 cm in order to increase resclution in the viscous sub-
layer and because the thermistors penetrated the sediment at the
bottom of the profile, enough of the logarithmic layer was not always
covered for accurate determination of the shear {and hence k} using

heated thermistor data alone. For this rezason, we have determined
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the log-layer shear by using the mean velocity from the top of the
traverse together with the mean velocity from the Savonius rotor 59
cm above the sediment. This method of estimating k is not ideal in
that it depends on measurements from two different sensors rather
than from a single profiling sensor, nevertheless the average value
of k based on a large number of these determinations is not likely to
be significantly in error. From 23 individual velocity profiles we
estimate k to be 0.43 + 0.05 (95% confidence interval for the mean).
This estimate compares favorably with an estimate of 0.419 + 0.013
from a turbulent Ekman layer in the laboratory (Caldwell et al.,
1972), as well as with a summary of atmospheric estimates which
suggests a value of 0.41 + 0,025 (Garrett, 1977). (Five velocity
profiles were excluded from our analysis because the current speed
was below the rotor threshold.) The confidence interval of our
estimate depends on the standard deviation {0.11) of the 23 individual
measurements of k and is not unreasonably large considering the
accuracy of typical bottom boundary layver flow measurements. For
example, for typical conditions during this experiment (u, = .25}, an
error of 0.4 cm/s in the measured rotor velocity would result in an
error of approximately 0.07 in k. <{onsidering the standard error of
the rotor calibration (0.33 cm/s) as well as the problems involved in
using Savonius rotors in the ocean, the standard deviation (0.11) is
not surprising.

In summary, this estimate (0.43) of von Karman's constant in the
bottom becundary laver is not significantly different from the value

(k = 0.4) typically cited in laboratory studies. Thus this aspect of
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the geophysical flow is consistent with the hypothesis that the flow

is a universally similar, neutrally-buoyant flew on a smooth wall.

The thickness of the viscous sublayer

As discussed earlier, one of the implications of universal
similarity is that the non-dimensional sublayer thickness, é+, is
constant. We have determined the thickness of the viscous sublaver
from 28 mean velocity profiles. When the thermistor data did not
encompass enough of the logarithmic layer to determine the log layex
shear accurately, we used (4} with k = 0.4 to extrapolate the velocity
at the top of the heated thermistor profile downward to determine the
sublayer thickness. To examine how well 6+ agrees with universal
similarity, we have plotted the dimensional sublayer thickness, &,
against v/u, (Fig. 4). 1Inspection of Figure 4 shows thatld does
scale with v/u, but rot perfectly. Rather than 6+ being between 11

and 12 as in laboratory studies, it wvaries from 8 to 20 in our data.

DISCUSSION
. . + .
The variability in § suggests some guestions:
. . s .ot
1. Does the scatter in Fiqure 4 reflect true variation in ¢ or
experimental error?
2. If the variations are real, are they caused by small-scale
irregularities of the sea bed?

3. What is the effect of a variable non~dimensional sublayer

thickness on the flow above?
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Figure I-4. The thickness of the viscous sublayer plotted as a

function of the ratio of the kinematic viscosity to the friction
velocity. The straight line represents the expected relationship

for a non-dimensional sublayer thickness equal to 11.1.
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We approach the first two questions by comparing mean velocities
determined by the Savonius rotor 59 cm above the bed with the veloci-
ties at 59 cm which might be expected based on sublayer measurements
alone. (Eguation (8) indicates that § and u, completely specify the
velocity at any position within the logarithmic layer above a smooth
wall.)

We first evaluate the hypothesis that the variability in st is
due to error in determining 3§, the true value of 5+ being 11.1.

Using u, for each time interval and the assumption that 6+ = 11.1, we
have used (8) to calculate the expected mean velocity at 39 cm for
each interval, taking k = 0.4. The calculated and measured velccities
do not agree very well (Fig. 5). The agreement is markedly improved
if the measured 5+ values are used (Fig. 6). The observation that a
variable 6+ yields a better agreement than a constant st suggests
t+hat 6+ is truly not constant and that the scatter in Figure 4 is not
primarily due to experimental error.

The correlation (Fig. 6) between the currents determined by the
rotor at 59 cm and those calculated by using the measured u, and 8
values in (8) has several important implicaticns. The fact that the
u, and § values used in (8) were derived entirely from heated ther-
mistor data and yet the calculated velocities agree closely with the .
velocities from the rotor is evidence for the quality of the heated
thermistor data. This agreement also indicates that form drag does
not significantly influence the flow in the lowest 59 c¢m. The average

differencs between the rotor-derived welocities and those calculated

from the heated thexrmistor data is only 0.47 cm/s, not much larger
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Figure I-5. The relationship between the welocity at 52 cm determined
by the Savonius rotor and that calculated from the friction
velocity determined in the viscous sublayer and the assumption
of a non-dimensional sublaver thickness equal to 11.1. The
straight line indicates a 1:1 relatiocnship between the measured

and calculated velocities.
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Figure I~6. The relationship between the velocity at 59 cm determined
by the Savonius rotor and that calculated by using the measured
values of the friction velocity and the sublayer thickness and
equation (8). The straight line indicates a 1:1 relationship

between the measured and calculated velocities.
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than the standard error ¢f the rotor calibration (0.33 cm/s). Since
the Savonius rotor was separated horizontally from the profiling
thermistors by 1.3 m, it appears that, in general, the measured u,
and 5+ values represent the average flow conditions over several
square meters (or more) of the sea bed and do not merely reflect the
local influence of small-scale irrecularities.

To more rigorously test this hypothesis, we perform the following
analysis: Assuming that currents measured by the Savonius rotor
accurately represent the‘flow 59 cm above the bed, we use the u,
values from the sublayer data to calculate the'ﬁ+ reguired (according
to (8)) to predict the rotor velocity. If the deviations of the
measured 5+ values from a constant value were caused by experimental
error or very small-scale irregularities, the "reguirsd" and measured
5+ values should be uncorrelated. On the other hand, if the measured
thicknesses represent the near-bed flow conditicns over a horizontal
scale of several meters, then there should be a significant correla-
tion. A plot of the "required" and measured 6+ values shows a defin-
ite relationship (Fig. 7). Testing the hypothesis that these values
are uncorrelated is eguivalent to testing the hypothesis that a
regressicn line through the points in Figure 7 woulé have a slope of
zero. Results of a statistical analysis using the t-test (Draper and
Smith, 1966) indicate that this hypothesis can be rejected at the
99.9% confidence level. Therefore gt is not constant at the ocean
floor and most of the variability in 6+ is not the result of small-
scale irregularities but rather reflects flow variability extending

over horizontal scales of several meters.



Figure I-7. The relationship between the measured non-dimensional
sublayer thickness and the sublayer thickness "reguired" to
perfectly predict the measured rotor velocity {at 59 cm) given
the friction velocity determined from the sublayer measurements.
The errcr bars shown indicats the change in the "reguired" non-
dimensional sublaysr thickness which would be caused by an error

of 0.3 cm/s in the measured rotor velocity.
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Are the deviations of our velocity profiles from the "universal
velocity profile" {10) significantly greater than the deviations of
typical laboratory data? Figure 8 is a standard non-dimensional nlot
of the data from all of our mean velocity profiles. The line U+ =z
(for the linear velocity profile in the viscous sublayer) and the
line U+ = 2.5 1n z+ + 5.1 {for the "universal velocity profile” in
the lecgarithmic layer) have been included for reference. We have
also included the data from the rotor at 5% cm. The scaling implied
by universal similarity fails to collapse our data to the "universal
profile." Comparison with Figure 9 (reprinted from Monin and Yaglom,
1971) demonstrates that the deviations of our data from the "universal
profile" are much larger than the deviaticns in the eleven laboratory
investigations reported by Monin and Yaglom.

When a different symbol is used to identify each of the profiles
upon which Figure 8 is based, it is obvious (Fig. 10) that the devia-
tions from the "universal profile" are not due to measursment error
but rather to variations in 6+. The slope of the profiles (Fig. 10)
is consistent, however, with A& = 2.5 (that is, with k "~ 0.4).

The effect of variations of 5+ on the boundary laver flow follocws
from (8). For a given U(z) withir the logarithmic layer, the friction
velocity {(and hence the strass at the bed) decreases as 5+ increases.,
Thus computations of shear stress baSed on the velocity measurement
from a single log layer sensor with the assumpticn that 5+ = 11.1
will overestimate the true stress if 57 is larger. This is also true

for calculaticns of bed stress using (10) with B = 5.1, Qur data

indicates that differences betwsen the true stress and that calculated
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Figure I-8. Non-dimensional plot of all of the velocity data from
this study. The straight line is for the so-called "universal
velocity profile" in the logarithmic layer. The gap in the data
represents the distance hetween the top of the heated thermistor

profile and the rotor located at 59 cm above the sediment.
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Figure I-9. Non-dimensional plot of the velocity data from 11 dif-
ferent laboratcry investigations of turbulent boundary layers

over smooth walls. (Reprinted from Monin and Yaglom, 1971.)
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Figure I-10. Non-dimensional plot of the velocity data for three
different time intervals in our experiment. The dashed line
represents the velocity profile expected for a non-dimensional
sublayer thickness of 11.1. 7The slope of both straight lines is

that expected for von Kamman's censtant equal to 0.4.
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from the rotor velocity assuming B = 5.1 (6+ = 11.1) may be as large
as 60% of the true stress.

While our experiments are, to our knowledge, the only studies in
which velocity measurements have been made within the viscous sublayer
of a geophysical flow, data from several other geophysical boundary
layer experiments also suggest that the concept of universal similar-
ity of smooth-wall boundary layer flows may not always be applicable.
Csanady (1974) surmarized the results of exXperiments by Portman
{1960) and Sheppard et al. (1972) in which determinations of z_ from
wind velccity profiles over lakes indicated that zo was significantly
less than expected for a universally similar, neutrally-buoyant flow.
Equating U(z) = {u,/k) 1n (z/zo) with (8), it is clear that for
hydrodynamically smooth flow, the so-called "roughness" length z is

simply a function of the thickness of the viscous sublayear:
z, = § exp(-6u,k/V) (13)
and that the commonly used expression
z = v/%u, (14)
o

is appropriate only for the special case in which 6+ = 11.6. Because
the Portman (1260) and Sheppard et al. (1972) data indicated that z,
was often smaller than expected from (14), Csanady concluded that ¢
was sometimes larger than 11.6. Yot only was 6+ nct 11.6 in these
experiments, but it varied inversely with u, at low wind velocities,

ranging from less than 11 to 40.
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What causes the variability in 82

Energy balance considerations led Csanady (1974, 1978) to ccn-
clude that sublayer thickening is likely to result from anvy process
which extracts energy (for example as work against buoyancy Fforces)
from the region of the viscous sublayer. Csanady (19274) concluded
that the sublayer thickening cver lake surfaces during light winds
may have been the result of work against surface tension. He proposed
that energy was extracted due to the horizontal variation in surface
tension caused by organic films and other impurities at the air-water
interface. Arya (1975b) found an increase in 57 witn increasing
stability in thermally stratified flow over a flat plate and attrib-
uted it to work against buoyancy forces. For very unstable stratifi-
caticn, the sublaver was thinner than expected for a universally
similar neutrally-buoyant flow. Arya's results suggest that the lack
of agreement of our data with universal similarity could be related
to stability effects.

Gust (1976) reports laboratory experiments in which the thickness
of the viscous sublayer for dilute seawater-clay suspensions was two
to five times larger than for comparable suspension-free flows. Gust
suggested that this thickening was related to elastic deformation of
clay mineral aggregates by the turbulent flow. Gust's data suggests
that the value of u, determined from the slope of the profile in the
logarithmic region of the flow was significantly larger than the
value determined from the shear in the sublayver. This relationship

is nct observed in our data.
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We have attempted to correlate our 6+ measurements with some
other Euantities. Data from the 25 cm path~length beam transmissom-
eter (optical axis located 21 cm above the sediment), and from a
similar unit mounted on a freely-falling microstructure profiler
(Newberger and Caldwell, 1981) indicate low suspended sediment con-
centrations (0.4 to 3 mg/liter), much less than the smallest concen-
tration (150 mg/liter) in Gust's experiments. This optical data
shows no correlation with & . It is possible, however, that signifi-~
cant concentration gradients existed between the bed and the lowest
positions of the optical sensors.

Temperature profiles from the microstructure profiler demeonstrate
that the bottom few meters were'within a few millidegrees of being
isothermal. Salinity profiles were nct obtained, but previous exper-
ience (Caldwell, 1978) suggests that salinity variations within the
bottom layer are smaller than 0.002 parts per thousand (below the
resolution of the best instrumentation). Thus we lack the information
reguired to infer any influence of density gradients on 6+.

Because Gordon (19275) suggests that drag coefficients and some
turbulence parameters may vary with acceleration in tidal flows, we
looked for correlations of §+ with tidal phase. Because a strong
tidal signal was not apparent in the wvelocity, the tidal phase was
determined from bottom pressure measurements. No correlation was
found. We have also analyzed velocity profiles from a number of
short intervals in which the flow was either accelerating or decelgr-
ating (%dU/dt! < 0.012 cm 5_2), but have found no significant rala-

+ , .
tionship between ¢ and the magnitude or sign of the acceleration.
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We find no correlation between 6+ and u,. A series of velocity
profiles taken over several hours in which the flow direction was
nearly constant shows variability in 6+ from 11 to 20, again suggest-
ing that differences in beottom topography are not the cause of the
variations of 6+.

We conclude that our data are not adequate to determine what
brocesses cause the variability in 6+. To reselve this guestion,
vertical profiles of density at the platform site may be required,
and such profiles must include the effect of suspended particles,

particularly in the sublayer.
How representative are these observations?

It should be emphasized that the data which form the basis of
this paper were obtained from one experiment conducted at several
water depths on the Oregon shelf during June 1979 and can only be
assumed to represent the flow conditions during this experiment.
Wnile this data 1s consistent with the assumption of a constant
stress layer extending from the sediment-~water interface up to 59 cm
above the sediment, data from an experiment conducted at 199 m water
depth in October 12978 (Chriss and Caldwell, 198la) demonstrate that
the constant stress assumption was valid only up to 11 to 15 cm above
the bed. The shape of the velocity profiles from this October 1978
experiment suggest that form drag significantly influenced the flow
farther than 11 to 15 cm from the bed. Stress calculated from the

slepe of the logarithmic profile in this region was seveéral times
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larger than the true bed stress (determined from the shear in the
viscous sublayer). Thus while both experiments demonstrated the
existence of a viscous sublayer just above the sadiment-water inter-
face, the houndary layer flow during the October 1978 experiment
appears to have been siénificantly influenced by form drag whereas
the flow measurements reported in this paper suggest no such influence
during the June 1979 experiment.

The extent to which these results are typical of flow conditions
on the shelf will only be determined after additiocnal experiments are

performed in a wider variety of locations.

CONCLUSIONS
Data obtained during this experiment indicate that the boundary
layer flow at the ccean floor was hydrodynamically smooth, and has
been used to test the assumption that the flow behaved as a univer-
3ally similar, neutrally-buovant flow over a smecoth wall. Data
analysis indicates that:

1. Von Karman's constant at the ocean floor is not signifi-
cantly different from the value determined in the laboratory
ard in other geophysical flows.

2. The non-dimensicnal thickness of the viscous sublayer at
the ocean floor is not constant. Thus the boundary layer
flow cannot always be described by the eguations for a
universally similar, neutrally-buovant boundary layer over

a smooth wall.
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Bed stress estimates obtained from the ceonventional equations
for such flows may not always vield accurate results.
The non-dimensional sublayer thicknesses are representative
of flow conditions averaged over several square meters of
the sea floor, and deviations of the non-dimensicnal thick-
ness from a constant value are not the result of measurement
error or small-scale bed irregularities.
In contrast with an earlier experiment (Chriss and Calédwell,
198la), flow measurements in this experiment are consistent
with the assumption of a constant stress boundary layer

extending to at least 59 ¢m above the sediment.
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ABSTRACT

An experiment in 199 m water on the Oregon shelf has produced
the first set of £ield data vielding continucus current speed profiles
down to the sediment-water interface. These profiles show that the
velocity structure above the viscous sublayer is consistent with that
expected when form drag influences the houndary laver flow. They
show two logarithmic profile regions, each vielding a different bed
stress estimate. The stress calculated from the upper one reflects
the influence of form drag and is more than four times the bed stress
determined from the shear in the viscous sublaver. When form drag is
significant, the application of logarithmic profile or Reynolds
stress technigques to measurements more than a few tens of centimeters
from the bed may vield bed stress estimates inappropriate for use in
sediment transport or entrainment calculations. Large roughness
length or drag coefficient values cannot be taken as evidence that a

viscous sublayer does not exist.



INTRODUCTION
Smith (1977) emphasizes that, for the study of sediment transport

on continental.shelves, it is important to distinguish between the
contribution of skin friction and that of form drag to the total
boundary stress. ©Skin friction here refers to the shear stress
averaged over a few tens of grain diameters, whereas form drag is
that portion of the total stress caused by the irregularity of the
boundary. Although flow in the upper part of the boundary layer is
influenced by the total stress, erosion and near-bed sediment trans-
port are related to skin friction alone. When form drag is signifi-
cant, the simple logarithmic profile expected in turbulent flow over
a horizontally homogeneous surface may not be found. Instead, the
profile may consist of several regions with different logaritimic
slopes (Arya, 1975a). In the outer region the mean flow is expected

to obey the usual logarithmic law,
U(z) = (U, /k) 1n(z/2 ) (1)

where k¥ is von Karman's constant, ZO is a large-scale roughness
parameter reflecting the influence of both small-scale topography and
. . s _ 172 . . .
skin friction, and U, = {Lt/p) is a friction velocity kased on the
totzl stress, Tt. Closer to the boundary, an internal boundary laver

may develop in which the mean profile is also logarithmic
0(z) = (u,/k) In(z/z ) (21

but where the friction velocity, u,, and the roughness parameter, z s
now reflect the conditions of the surface between the large-scale

roughness elements. This fricticn velocity, u is based on the

!
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local skin friction (which may be spatially variable) rather than on
total stress. (If the intervening surface is hydrodynamically
smooth, z, is not determined by the small-scale roughness character-
istics, but rather by the thickness of the viscous sublayer [Chriss
and Caldwell, 198lb]J.) Although this description suggests a profile
composed of two intersecting segments, Smith (1977) and Smith and
McLean (1977) demonstrate that multiple roughness scales can generate
velocity profiles with more than two. Thus when form drag is impor-
tant the constant-stress assumption will not be valid.

In an earlier paper (Caldwell and Chriss, 1979}, we demonstrated
the existence of the viscous sublayer in the bottom koundary layer
and found a logarithmic layer above it. In examining additional data
from the experiment, segmented profiles in the logarithmic¢ region
were found (Figures 1 and 2), as expected if form drag influences the
flow. When the original data set was re-analyzed, using thinner
averaging intervals in the upper pcrtion of the profile and also
incorporating both upward and downward traverses, it too shows two
distinct logarithmic slopes. {(In the original study, only downward
traverses were used.) Although deviation from a single logarithmic
form is not always large, the slope of the logarithmic regression is
significantly different in the two regions, implying that the turbu-
lent stress above is significantly larger than it is nearer the bed.

This experiment represents the first time in a natural environ-
ment that continuocus profiles of current velocity have been obtained
down to the sediment-water interface, and thus provides an ideal,

though scemewhat limited, data set with which to evaluate the influence
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Figure II-1. Typical mean velocity profile for the October 1978
experiment. The distance from the sediment has been plotted
using a logarithmic scale. The dashed line near the sediment
represents a linear fit to the data in the viscous sublavyer.
The solid lines represent fits to the data in the lower and
upper logarithmic regions of the velocity profile. The region
between the dashed line and the lower solid line is the so-
called "buffer" region where the velocity profile obeys neither
a linear nor a logarithmic law. (Data interval number 4 of

Table 1).
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Figure II-2. Same data as Figure II~1, but plotted with a scale

which emphasizes the logarithmic regions of the velocity profile.
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of form drag on boundary laver flow and on sediment transport calcu-
lations. Estimates of bed shear stress using sensors located further
than 15 cm from the bed were significantly influenced by the presence
of form drag, and entrainment calculations using such estimates would
have been based on stresses more than four times the true stress at

the ked.

THE EXPERIMENT

The eXperiment was carried out on October 11 and 12, 1978 at
45°20'N {199 m total water depth) on the Oregon shelf. The surface
sediment was silty sand (Runge, 1966). Profiling heated-thermistor
velocity sensors were mounted on a 2 m high tripod placed on the sea
floor. Most data come from an 18-hour deployment. Scme additional
data were obtained in a 4-hour deployment. A data acquisition system
on the tripod sampled each thermistor every 1.5 seconds during the
18-hour deployment and every 0.38 seconds during the 4-hour deployment.
Additional instrumentation included profiling and stationary tempera-
ture sensors, stationary heated-thermistor sensors, Savonius rotors,
a 25 cm path-length beam transmissometer, a high-resolution pressure
transducer, and a time-lapse motion picture camera which monitored
the condition of the sensors.

Current was supplied to each heated thermistor to heat it ap-
proximately 20°C above the water temperature. Because the velocity
calibration is a function cf both the water temperature and the
orientation of the flow with respect to the thermistor, each thermis-

tor was post-calibrated at the temperatures and flow directions
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observed during the experiment. Calibrations were performed by

towing in a 1 m radius annular channel, fitting to the formula
N
P/AT = A + BU (3)

where P is the power dissipated in the thermistor, AT is its tempera-
ture rise, U is the speed, and A, B, and N are experimentally deter-
mined. Inversion of this formula allows the calculation of speed
from measurements of P/AT, which is computed from the output of a
bridge circuit. Using (3) with empirically-determined A, B, and N,
speed can be determined within 0.1 em/s in the laboratory. The
heated thermistors measure speed only, flow direction is determined
by a small vane.

The heated thermistors were carried up and down by a crank-and-
piston mechanism driven by an underwater motor. The mechanism was
mounted outside one tripod leg, to provide unobstructed flow through
an arc of 300 degrees. Only for times when the flow was completely
unckstructed were data analyzed. The profiling period was one minute.
The vertical travel was 21 cm. During the 4-hour deployment, the
thermistors came within a few cm of the sediment-water interface, but
during the 18-hour deployment the thermistors penetrated the sediment
0.3 cm. The vertical position of the sensors was determined by a
potentiometer connected to the motor shaft. Calibration with a dial
indicator showed that the vertical position was known within 0.03 cm.
The location of the sediment-water interface was taken to be the

‘ zero-velocity intercept of the linear velocity profile within the

viscous sublayexr. Although the thermistors did not always penetrate

-



the sublayer during the 4-hour deployment, they did penetrate it
during one interval of very low current, allowing the interface

position to be determined.

DATA ANALYSIS

Mean profiles were constructed by averaging over time intervals
28 to 44 minutes long, each interval containing many traverses.
Intervals were chosen for steadiness of spead and direction. Within
1.2 cm of the sediment the traverse was divided into layers 0.1 cm
thick for averaging; above 1.2 cm, the averaging layers were 1 to
2 cm thick. The mean for each layer was determined by averaging all
measurements within it during the repeated traverses. Refore averag-
ing, the effect of the profiler's vertical velocity was removed by
vector subtraction from the measured velocity. Corrections for
sampling error due to variability of the large-scale flow were made
using measurements from a stationary sensor 20 cm above the sediment
(Badgley et al., 1972).

The shear in the viscous sublayer was determined by linear

regression, and bed stress was ccmputed using the relationship

T, = oV 3U/3z (4)

where ¢ and V are the demsity and kinematic viscosity of sea water.
Logarithmic regression in the lower segment of the logarithmic regicn
yielded estimates of z, and k, assuming equality of the sublayer
stress with that in the lower logarithmic layer. It should be empha-

sized that in hydrodynamically smcoth flow, z, reflects only the
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sublayer thickness and is not determined by the grain size of the
sediment (Chriss and Caldwell, 1981nh) .

Logarithmic regression in the upper segment vielded estimates of
ZO and U, (Table 1). For the latter calculation, k in the upper
segment was taken to be 0.4. A second sensor produced qualitatively
similar segmented profiles. Detailed analysis of this data was
discontinued, however, because large and variable k estimates (0.8 to
1.8), occasional negative shears, and evidence of intermittent sensor
malfunction indicate that this data may not be guantitatively reliable.

Before considering the significance of the segmentation of the
profiles, we consider two questions: (1) Are these profiles repre-
sentative of this region, or do they merely reflect some unusual
conditions in the immediate area of the tripod and (2) Is the segmen-
tation an artifact of our measuring system? The question of repre-
sentativeness can be approached by considering that although all of
the data of Table 1 and Figures 1 and 2 came Ffrom the 18-hour deploy-
ment, similar segmented profiles were obtained during the 4-hour
deploymant. Because of the small chance of setting the tripod down
in the same spot twice, these results must be representative to some
extent. To answer the second gquestion, we consider profiles obtained
at the beginning of each deployment. As the tripod was lowered to
the sea floor, the profiler mechanism was operating but in a retracted
peosition to prevent damage to the sensors. A timed release lowered
the mechanism to the sediment 20 to 40 minutes later. Sc at the
beginning of each deployment the sensors were being traversed between

26 and 47 cm above the sediment. These profiles show no segmentation,



Table 1.

Data
Interval

1

2

Friction velocities, roughness lengths and von Karman's constants for individual data intervals.

8]

*
u, k {upper log
Flow (sublayer) (for lower z, ZO region)
Directiont (cm/s) log region) {cm) (cm) {cm/s)
90 .27 .40 + .04 2.5 x 107> .29 .62
20 .30 .88 + .24 3.8 x 107 1.39 .62
270 .51 .41 + .05 6.2 x 10°° .080 1.00
270 .47 .49 + .03 6.6 x 10 " .27 1.02
110 .19 .53 + .10 2.5 x 1072 1.23 .62

IFlow direction is given with respect to tripod coordinate system.
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evidence that the profiler mechanism itself does not cause it.
Although wave orbital velocities toc 3.5 cm s—l were obvious
during the 18-hour deployment {Caldwell and Chriss, 1979), in the 4~
hour deployment no oscillatory motion was observed. Segmented pro-
files were found in both deployments, so the segmentation is not

caused by surface waves.

DISCUSSION

Although the shape of the profiles suggests that form drag was
significant, we have no direct information about bedforms or other
small-scale features in the area. We tried to obtain ster=o photo-
graphs with a borrowed camera system, but were foiled by a faulty
triggering mechanism. The time-lapse camera on the tripod did obtain
low quality photographs of the bed, but, because the field of view
was restricted to one square metexr, and because the lighting was
optimized for sensor observation, the absence of obvious features in
these photographs is not conclusive. Features just outside the field
of view could have significant influence on the flow. Because the
photegraphic information is inconclusive, estimates of the size and
spacing of roughness elements must come from analysis of the velccity
prcfiles themselves. In a later section of this paper., we will,
however, present some photographic evidence from an area 65 km to the
south.

The following analysis is restricted to the 18-hour deployment
because during the shorter derlovment the currents were extremaly

small so the observations are less accurate.



Estimates of Roughness Element Geometry

Elliot (1958) derives the following expression for the growth of

an internal boundarv layer following a change in roughness:

(8 /zo) = a(x/zo)o'8 {8}

IBL
where 6IBL is the thickness of the internal layer a distance % from a
change in the surface roughness, Z is the roughness length for the
internal layer, and 'a' depends on the ratio of zo to the roughness

length, Zo’ for the flow outside the internal layer:
= 0.75 - Q.
a 5 - 0.03 ln(zo/zo) (2)

As noted by Arya (1975a), Elliot's model is supported by measurements
over a heot runway (Elliot, 1958), and alsc by the observations of
Bradley (1968) under near-neutral conditions, and by the results of a
second-crder closure model by Rao et al. (1974).

Arya (1975a) suggests that Elliot's model may also apply to the
growth of an internal boundary laver in the region between large-
scale roughness elements and, like Smith (1977) and Smith and McLean
{1977) ; uses Elliot's results to model the influence of form drag on
velocity profiles. The positicn, z,, of the kink in the profiles is
assumed to represent the local thickness (GIBLI of the developing
internal boundary layer. Applying the model, we estimate ¥ from
determinations of zo, Zo and z, from_our profiles, These estimates
(Table 2} suggest that elements capakle of explaining our velocity
profiles would not have been within our camera's field of view. It

is unlikely that oscillatory ripple marks (Komar et al., 1972) are

responsible, because the maximum ripple spacing reported hy Komar et




Table 2.
Data Flow
Interval Direction
1 20
2 2Q
3 270
4 270
5 110

58

Estimated distances from sensor to roughness
elements. Calculated using measured z,, z _,
and ZO values and the theory of Elliot (19g8).

10.9

14.3

{cm)
107
280
142
135

220
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al. was only 21 cm, 5 to 10 times smaller than our estimates. Miller
and Komar (1980) suggest that the maximum ripple length is a function
of grain size. Using their results and the grain size in our area,
we calculate that ;he maximum ripple spacing would have been less
than 10 cm.

Helght estimates for the elements can be obtained from a model
developed by Arya {1975a) for estimation of Zo and Tt over Arctic
pack ice. Because we lack the detailed topographic infermation
required to verify the assumptions of the model, we will apply the

model formally but interpret the results of our analysis with some

caution. Arya finds:
ln(Zo/zo) = 4/5[ln(h/zo) + 1n(l/A - b/h - B/h)]
« {1 -~ (ku/kL) {1 - m\ + (CDA/ZkLz)(ln h/zo)z}_l/zl {10)

Here h is the height of the elements, A is the ratioc of h to their
spacing, s, b is their width, and B is the sum of the widths of the
regions of separated flow which may exist around the roughness ele-
ments. Over streamlined elements, the flow may not separate and B
may be neglected. CD is a drag coefficient which relates the form

drag on the element to the mean velocity (at z = h} of the upstream

flow:

C_ApU(h) 2 (11)

F_ = D

D

I

Here FD is the form drag per unit area of the bed and ¢ is the density

of the fluid. The constant m in (10) 1s taken by Arya to be 20.

Equation (10) differs from eguation 15 of Arya in not assuming equal-
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ity of the values of von Karman's "ccnstants" (kL and ku) inside and
outside the internal boundary layer. We will use (10) because,
although our estimates of k are not always 0.4 in the internal layer
(Table 1), we have no evidence that k is not 0.4 above. Although
deviations of kL from the commonly accepted value of 0.4 may simply
reflect uncorracted sampling or measurement errors in our data, some
laboratory data suggests that kL is not always 0.4 in internal bound-
ary layers between roughness elements (Paola et al., 198Q0). Use of
(10) allows us to use measured values of kL while still using 0.4
outside the internal boundary layer.

Although {10) was derived to predict Zr it can be solved (iter=~
atively) for h, using measured values of z_ . z, and kL from our
profiles, together with estimates of the other quantities. We set b
to 70 c¢cm; changing it by 50 cm changes h by only 10%. We set B to
zero, but with our data the model is not very sensitive to the value
of B. The spacing s was taken to be 348 cm based on estimates of x
(Table 2} for flow directions 180° apart. Because of the lack of
information about element shape, the choice of c5 is nct obvious, so
we have used a range of values from the literature (Arya, 1973; Smith
and McLean, 1977).

The results of these calculations (Table 3} vield plausible
element heights for the larger drag cocefficients. (We have excluded
heights calculated for the smaller drag coefficients for some of the
intervals because these calculated heights viclate an assumption of

the model which is that A is less than 1/m.) We conclude that if the

model is applicable, flow over roughness elements 4 to 17 om high



Table 3.

Data
Interval

1

61

Roughness element heights {cm) estimated by
applying the model of Arya {1975) and various
assumptions about the roughness element drag

coefficient (CD).

Assuming
C_ = 1.00

D
6.4
16.7
3.9
6.3

16.0

Assuming
CD = .84

7.5

Assuming

c.=.
D 4

+
‘Calculated heights have been omitted because they violate
the assumptions of Aryva's modeal.
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with drag coefficients of 0.8 or larger could generate our velocity

profiles.

Photographic Evidence from the Oregon Shelf

As mentioned earlier, we have no photographic information about
small-scale bottom topography in the area of the study. We do,
however, have some information from a large number of bottom photo-
graphs obtained 65 km to the south, from an area of the same water
depth (200 m) and similar sediment texture. These photographs,
furnished by Andrew Carey of Oregon State University, were obtained
as part of a study of the sampling efficiency of beam trawls. A
single camera was mounted just ahead of the trawl for the purpose of
photographing the sediment prior to sampling. Although current
generatred bedforms are absent, typical bottom photegraphs (Figures 3
and 4) reveal two dominant types of biologically related roughness
elements. The sea urchins (typically 6-8 cm in diameter) are ubigui-
tous, although their abundance varies significantly. The "mounds"
represent sediment expelled from burrows which were possibly occupied
by polychzete worms. By comparison with the known size of the urchins,
the height of the mounds can be estimated to vary from less than a
few cm to more than 15 cm. The spacing of the mounds varies greatly
from photograph to photograph as well as within a single photograph.
In some cases mounds nearly coalesce and form ridges. Photographs
from different years all show features similar to these in Figures 3
and 4. Because the density and height of the roughness elements vary

from photograph to photograph, and because stereo photos are not
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Figure II-3. Bottom photograph representative of those obtained from
65 km south of our area of study, in a regicn of the same water
depth (200 m) and similar sediment texture. See text for de-

scription.






Figure II-4. Additional photograph from the area described in

Figure II-3.
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avallable, it is difficult to define a characteristic height or
spacing for these features. Although we have no reascn to expect
significant differences along the 200 m isobath, especially in light
of the similar sediment texture, we cannot demonstrate that these
features are representative of roughness elements in our area of
study. We can only state that the types of features in these photos
could be responsible for the presence of the form drag which we infer

from our current data.

Techniques Used to Estimate Bed Stress

t is common practice in sediment-transport studies to measure

the mean current some distance above the bed {typically 100 cm) and

to estimate the bed stress from the gquadratic law:

T, = C

- 2
b 100° [U(loo)_] (12)

Here Tb is taken to be the bed stress, and Cloo is a dimensionless

drag ccoefficient (Sternberg, 1968, 1972; McCave, 1373; Ludwick, 1975;
Komar, 1976). Because ClOO is commonly determined by a logarithmic
profile technique in which the velocity profile is measured well
above the bed, the measured stress and therefore the calculated Cloo
may be influenced by form drag. If the goal of a study is to obtain
an estimate of skin friction for use in entrainment or transport

calculations, and if form drag is significant, use of (12) may vield

Tb considerakly larger than the stress influencing the near-bed

sediment transport. The same statement can obviously be made about

Revnolds stress estimates if based on measurements a significant
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distance from the bed. The above ideas are not new but rather are
consequences of concepts presented most recently by Smith (1977},
Smith and McLean (1977). Our experiment, however, provides the
first, though somewhat limited, data set from the ocean which demon-
stratas the degree to which the local bed stress may be overestimated.
Were it not for our measurements within 15 cm of the bed, our measure-
ments of U, from the upper portion of our profiles would have been
assumed to represent the friction velocity at the bed, and the
relatively large zo values from the upper portion of the profiles
might have been interpreted to imply that the flow was not hydrody-
namically smooth and that a viscous sublayer did not exist. 1In
contrast, our data clearly demonstrate that the above assumptions
cannot be justified without evidence from velocity profiles closer to
the sediment. For example, the calculation by Weatherly and Wimbush
(198Q0) of U_ = 0.66 cm/s and Z, = 0.49 cm based on profiles obtained
with sensors located between 18 cm and 565 cm above the sediment does
not necessarily indicate that a viscous Sublayer did not exist or
that the U, = 0.6 om/s value represents the skin friction or the
stress at the bed. Without near-bed velocity profiles it is difficult
to evaluate their conclusion that the critical erosion stress (u, =
0.8 cm/s) was exceeded, particularly because of the possible influence
of the current ripples shown in their Figure 2.

Although the flow during cur experiment was hydrodynamically
smooth in the sense that a viscous sublayer did always exist, drag
coefficients computed from the extrapolated velocity at 100 c¢m (using

the U, values for the upper logarithmic¢ laver) fall within the range
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other workers cite as typical for hydrodynamically rough flow. For
example, the data of Sternberg (1972) vield values of ClOO which, for
fully rough flow, lie between 10-3 ang J_O_2 with a mean of 3.1 x
10-3, while the data in Weatherly and wWimbush {1980) can be used to

-

calculate a value of 5.6 x 10 ° for ClOO' The important conclusion
suggested by our data is that determinaticns of large Zo values and

large C values, if not derived from data just above the sediment-

100
water interface, may reflect the influence of form drag on the bound-
ary layer flow, and use of these values in calculating the bed stress
may significantly overestimate the actual stress at the ked. In
Table 4 we present the ratio of the “total stress" (Tt), calculated
from the upper portion of our velocity profiles, to the stress at the
bed.which was determined by viscous sublayer measurements and the use
of {4). Entrainment or near-bed transport calculations based o©n
velocity profile (or Reynolds stress) measurements taken more than

15 ¢m above the bed would in this case have been based on stress

estimates more than four times too large.

How Representative is Qur Data?

It must be emphasized that the data which form the basis for
this paper were obtained during cne experiment conducted at 199 m
water depth on the Oregon shelf during October 1978 and can only be
assumed to reflect the flow conditions during this experiment. While
form drag may be of equal (or greater) importance in other shelf and
deep—sea locations, we lack the direct evidence necessary to demon-

strate this. In our subseguent experiments (Rpril and June, 1973},

R



Table 4.

Data
Interval

70
Ratic of the total stress (T to the bed stress (r.). Also

shown are drag coefficients ?C G) calculated using the data
from the upper logarithmic region.

u, U, T

~ t
U{1l00) (sublayer) {upper region) ClOO -
{cm/s) (cm/s) {cm/s) b
-3
9.1 .27 .62 4.7 x 10 5.3
6.6 .30 .62 8.8 x 10°° 4.3
17.8 .51 1.00 3.2 % 1070 3.8
15.0 .47 1.02 4.6 x 107> 4.8
6.8 .19 .62 8.2 x 10°°  10.6
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we restricted the profiler motion to 6 cm in order to increase our
resolution of the viscous sublayer and so-called buffer layer. While
doing so had the additional benefit of allowing us to construct mean
velocity profiles using averaging times as short as 10 minutes, it
now prevents us from examining these profiles for evidence of form
drag. It is important to note, however, that data from the sublayer
profiler coupled with data from a Savonius rotor 59 cm above the
sediment during the June 1979 experiments {in 90 m and 180 m water
depths) are consistent (within the accuracy of the rotor] with the
assumption of a constant stress layer extending from the sediment up
to 59 cm (Chriss and Caldwell, 1981b). The abkove data suggest that
form drag may not have significantly influenced the flow during the
June 1979 experiment.

Clearly, future experiments must incorporate both sublaver
profiling (to determine bed stress) as well as adequate profiling of
the lower logarithmic region in order to determine the extent to
which bottom boundary layer flow is influenced by form drag in various

environments.

CONCLUSIONS
Above the viscous sublaver, the velocity profiles onserved
during this experiment consisted of two distinct regions, each char-
acterized by a different logarithmic velocity profile. Applying the
models of Elliot (1958) and Arya (1975a) to this data, we conclude
that the influence of form drag on boundary layer flow over sparse

roughness elements could produce the velocity structure which we have
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observed. When form drag is significant, the use of the logarithmic
profile or Reynolds stress techniques, if based on flow measurements
obtained more than a few tens of centimeters from the bed, may vield
stress estimates several times larger than the bed stress. If the
goal of a study is tc obtain bed stress estimates for use in sediment
transport or entrainment calculations, such errors may be unacceptable.

Large values of the roughness parameter (Zo) and the drag coef-
ficient (Cloo), if based on measurements at substantial distances
above the bed, do not rule out the existence of a viscous sublayer at
the sediment-water interface. This observation is significant, not
only for sediment and momentum transport problems, but also because
the presence or absence of a viscous sublayer may have important

implications for the vertical transport of heat and chemical species

at the sediment-water interface.
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ABSTRACT
An experiment conducted in June 1979 on the Orsgcn shelf has

yielded the first measurements of velocity fluctuations in the viscous
sublayer and buffer layer of a geophysical boundary laver flow. The
scaling proposed by Blakewell and Lumley (1967) for the viscous
sublayer has been tested and found to work remarkably well in col-
lapsing spectra from both geophysical and laboratory flows. Buffer
layer spectra collapse reasonably well with laboratory spectra when
scaling similar to that normally used in the logarithmic lavyer is

applied to the buffer layer.
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1. Introduction

Cne of the basic premises in the study of boundary layer turbu-
lence is that measurements of mean and fluctuating quantities in
boundary layer flows can be reduced to "universal forms” when non-
dimensionalized by characteristic length and wvelocity scales {(Monin
and Yaglom, 1971, chapter 3). 1In an earlier study (Chriss and Cald-
well, 1981b) we examined the hypothesis that the mean flow near the
viscous sublayer of the bottom boundary layer on the Oregon continen-
tal shelf can be described as a universally similar, neutrally-
buoyant boundary layer flow on a smooth wall. We concluded that,
although the thickness of the viscous sublayer scales with v/u, as
required by the concept of universal similarity, the scaling was not
exact and the very near-bed flow is not quite so simple as neutrally-
buoyant, smooth-wall turbulent boundary layer flows in the laboratory.
(Here u, is the friction velocity and v is the kinematic viscosity.)

In this paper, we examine velocity spectra from a similar exper-
iment in order to evaluate the hypothesis that spectra from the
viscous sublayer and buffer layer of smooth-walled laboratory and
geophysical flows can ke reduced to universal spectral forms by
suitable non-dimensionalization. In addition, we examine the hypeth-
esis that the profile of non-dimensional velocity fluctuations in the
viscous sublayer at the ocean floor is the same as that found in the

lzboratory.
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2. The Experiment

The experiment was carried out on June 9-10, 1979 in 185 m water
depth at 45°20'N on the Oregon continental shelf. The surface sedi-
ment is a silty sand (Runge, 1966). The data were obtained fram
profiling heated thermistor velocity sensors mounted on a 2 m high
tripod placed on the sea floor. A digital data acquisition system on
the tripod sampled each thermistor once every 2 seconds. &additicnal
instrumentaticn on the platform included temperature sensors, Savonius
rotors and a time-lapse motion picture camera which monitocred the
condition of the sensors.

Current was supplied to each thermistor tc heat it approximately
20°C above the water temperature. The temperature achieved by the
thermistor depends on the power dissipated in it and on the heat
transferred away from the probe by the surrounding fluid. Because
the calibration is a function of the water temperature and the orien-
tation of the flow with respect to the thermistor, each thermistor
was post-calibrated at the temperatures and flow directions observed
during the experiment. The calibrations were performed by towing the
thermistors in a 1 m radius annular channel. The power dissipated in
the thermistor per unit change in temperature was related to the flow

veloclity by
BPAAT = a + b (1)

where P is the power dissipated in the thermister, AT is its tempera—

“ure rise, U is the flow welocity, and a, b, and N are exXperimentally
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determined. Inversion of this relationship allows the determination
of current speed from values of P/AT computed from the output of the
circuit. With this procedure, current speed can be determined with
better than 0.1 cm s‘l accuracy in the laboratory. The freguency
response of these thermistors as velocity sensors has not been deter-
mined, but the same thermistors (Thermometrics P85 thermistors) have
a -3 db point of 7 Hz when used as temperature sensors (Dillon and
Caldwell, 1980). Because self-heated thermistors have faster response
times when used as velocity sensors, the frequency response of the
velocity sensor was at least 7 Hz, far higher than necessary to
resolve the Nyquist freguency, 0.2 Hz. The heated thermistors are
used o determine the current speed only. Current direction is
indicated by a small stationary vane.

The heated thermistors were mounted on a profiling érm carried
up and down by a crank-and-piston mechanism driven by an undexwater
motor. The profiler mechanism was mounted outside one of the tripod
legs, assuring unobstructed flow through an arc of 300 degrees. Only
those time intervals when the flow was uncbstructed were chosen for
analysis. The profiling period for this experiment was 213 minutes.
The total vertical travel of the sensors was & cm. To make sure that
the thermistors penetrated the viscous sublayer (which was at most a
few cm thick), we allowed the thermistors to penetrate the sediment
at the bottom of each profile. The vertical position of the thermis-
tors was determined by a potentiometer connected to the profiler
motor. Calibration of the profiler system using a dial indicator

showed tha* the vertical position of the arm can be determined within



78
0.03 em. The position of the sediment-water interface was taken to
be the zero-velocity intercept of the (linear) velocity profile

within the viscous sublayer.
3. Data Analysisg

The data which form the basis of this study were obtained from
two heated thermistors separated horizontally by 11 cm and offset
approximately 0.5 cm in the vertical direction. The thermistors
penetrated the sediment by 4.5 and 5 cm, so we have current measure-
ments from the region between the boundary and 1.5 cm above the

/2

boundary. Based on the friction velocities (u* = (To/p)l which

ranged from 0.14 cm s—l to 0.36 cm s-l, sensor positions at the very
top of the profile correspond to non-dimensional wall distances (y+ =
yu,/v) which range from y+ =39 to y+ = 29, The time required for the
sensors to traverse from the very top of the profile to the boundary
was 220C seconds. Because of the crank-and-piston nature of the

profiler mechanism, vertical traverse speeds were slowest in the top
millimeter of the profile (approximately 2.1 x 10-4 CTt s_l) and most
rapid near the sediment (approximately 1.2 x 10 ° em s T). At these

speeds it required 400 to 700 seconds for the sensors to traverse the

6. Figure 1 shows typical

viscous sublayer between y+ = 0 and y+

time series in the viscous sublayer and in the buffer layer which

separates the viscous sublayer from the overlying leogarithmic layer.
For each upward or downward traverse, a mean profile for the

viscous sublaver was constructed by averaging the velocity measure-
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Figure III-1l. Typical time series from the viscous sublayer (lower
series) and buffer layer (upper series). The series shown are
not simultaneous. During the course of the sublayer series, the
sensor moved from y+ = ©& toy = 1, accounting for the decrease
in mean velocity. During the huffer layer series, the sensor

+ +
moved fromy = 22 toy = 18.
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ments over vertical intervals of approximately 0.05 cm (Fig. 2). The
velocity shear in the sublayer was then used to compute the bed

stress (ro) by

T_= pv
o P

(2}

QI ay
g 1

where p and v are the density and kinematic viscosity of the £luid.
The friction velocity calculated from the bed stress was later used

in the non-dimensionalization of the spectra.

4. Spectra from the viscous sublayer

Although the output of the heated thermistor circuitry does not
indicate the current direction, the energy in our computed current
spectra is dominated by the contributions of the streamwise velocity
fluctuations. Given the magnitude of the mean flow and estimates of
the typical magnitude of vertical and cross stream velocity fluctua-
tions in the viscous sublayer and buffer layer of laboratory flows
(see, for example, Eckelmann, 1974), it can be shown that, because of
the nature of the vector addition process, the sensor responds almost
exclusively to the streamwise component of the velocity fluctuations.
At most a few percent of the energy in our spectra is due to cross-
stream contributions.

Ideally, the spectra for the viscous sublayer would have been
computed over long time intervals with the sensors located at a fixed
y+, But because of the self-contained nature of the instrumentation,

we could not adjust the sensor positions once the platform left the



Figure III-2. Typical mean velocity profile. The straight line

represents a linear fit to the data in the viscous sublayer.
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deck of the ship. Because of this inability to pracisely set the
position of the sensors with respect‘to the boundary (due to pilatform
settling, etc.) and because of the need to determine the shear in the
sublayer (to obtain u,), we allowed the sensors to move slawly throuqh
the sublayer hoping that this slow change of y+ would neot seriously
influence the resulting spectra. If the spectral scaling suggested

by Blakewell and Lumley (1967) is applicable, the shapes of our
sublayer spectra {determined from the slowly moving sensor) should

not differ from those from a fixed sensor.

The sublayer spectra were computed for 128-point series. The
series chosen were those for which the sensors were located in the
linear profile characteristic of the region where momentum transport
is dominated by viscosity. During the 256 second time interval over
which the spectra were computed, the sensor moved 0.2 to 0.3 cm, a y+
change of approximately 2 to 4. Prior to spectral analysis, the
series were detrended to remove the effect of the velocity gradient.

Power spectral densities (sSD(f)) defined by

P

w? = [ spie)as (3)

0
were computed using a fast Fourier transform algorithm. In (3), u’
is the r.m.s. value of the streamwise velocity fluctuation. After
computation, the raw spectral estimates were band averaged.

Typical sublayer spectra are shown in Figure 3. Blakewell and

Lumley {(1967) and Ueda and Hinze (1975) present spectra from the

viscous sublayer of laboratory flows in which the fluids and the flow

conditions ware significantly different f£rom those in the ocean.



Figure III-3. Typical spectra from the viscous sublayer.

intervals are the same as those shown in Figure III-4.
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lzkewell and Lumley's data are from a turbulent pipe flow using
glycerine (v = 2.18 cm2 s—l) as the fluid, whereas the Ueda and Hinze
data are from a wind tunnel (v = 0.151 cm2 s_l). The friction veloc-
ities were 50 cm s-l and 39.1 cm s_l, respectively. The unscaled
spectra from these studies are guite different from those of our
study (Fig. 4). It should be mentioned that computaticnal errors
apparently crept into the spectral plots presented in both laboratory
studies. The spectra presented by Blakewell and Lumley integrate to
approximately 27 times the total variance of the series (which can be
determined from other figures in the paper), while those presented by
Ueda and Hinze integrate to 76 times the variance. Because spectra
by the normal definition must integrate toc the variance, we have
adjusted the spectral densities of the two laboratory studies by
dividing by 21 and 76, respectively. |

Blakewell and Lumley propose that sublayer spectra can be

reduced to a single curve if frequencies (w = 27f) are non-dimension-
alized by (v/u*z) and spectral densities are non-dimensionalized by
wyz, where v is the dimensional distance from the wall. Data pre-
sented in their paper support the proposed scaling tc the extent that
the spectra from three different y+ positions within the sgublayer are
collapsed by this scaling to a single curve. Because u, and Vv
were not varied in Blakewell and Lumley's experiment, the collapse of
their spectra to a single curve does not imply that the scaling of
frequency is correct. A test of the freguency scaling requires data
from flows in which u*2/v varies significantly. Based on the viscos-

. 2 - , .
ity of sea water (0.01l5 cm s l) ard the range of u, in our experiment,



88

Figure IIT-4. Subklayer spectra from our study (at left) plotted with

sublayer spectra from the laboratory studies of Blakewell and
Lumley (1967) and Ueda and Hinze (1975). The Blakewell and
Lumley spectra are for y+ = 1.25 {¥%) and y+ =5 (). The Ueda
and Hinze spectrum (e} is for y+ = 3, Confidence limits shown
for our spectra are 95% confidence limits assuming a chi-square

distribution (Bath, 1974).
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v/u*2 is up to 470 times larger than in Blakewell and Lumley's exper-
iment and up to 11,000 times larger than in the Ueda and Hinze exper-
iment. The spectra from the three experiments thus furnish an excel-
lent cpportunity to test the scaling proposed by Blakewell and Lumley.

Before applying the proposed scaling, we return to a gquestion
considered earlier: the effect of the traversing of the sensor on
the computed power spectrum. Consider a situation in which u, is
constant over the time interval used to compute the spectrum. If the
scaling proposed by Blakewell and Lumley holds, then for fixed v and

~

u,, the non-dimensional spectral density (SD = SD(w)/yzm) depends

only on the non-dimensional fregquency (& = wu/u*z). Thus, with fixed
v and u,, the dimensional spectral density (SD(w)) at dimensional
fregquency w should be equal to c(cu)y2 where c{w) is a proportionality
constant depending only on w. Thus, a sensor moving at a constant

traverse velocity from y = y, toy = Y, should observe a spectral

b

density at freguency w given by

y [ clw)y? ay (4)
¥y

SD(w) = l/(y2 -y,

2 . .
which is equivalent to c(w)y3 where Y3 is given by

33
2 Y 7Y .
3 T3, - v ()
2 1

So, if the scaling proposed by Blakewell and Lumley is valid, the
spectrum calculated from a time series obtained from a sensor which
moves from Yy to Y, should be identical to the spectrum which would

have been obtained from a fixed sensor at Yy (providing that the

-
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time series had first been detrended to remove the variance resulting
from traversing through a mean velocity gradient}. In scaling our
spectra, we have used the lowermost and uppermost positions of the
thermistor during the spectral time interval to determine the value
of Yy to use in the non-dimensionalization of the spectral density.

In Figures 5 and 6, we present scaled versions of the spectra of
Figure 4. Although the result is not perfect, the scaled spectra
from the three studies agree remarkably well. Much of the scatter at
the low frequency end of our data may reflect the fact that each
point represents a single spectral estimate and so the uncertainty is
large. Ensemble-averaged spectra from our experiment (Fig. 7) compare
very well with the laboratory spectra except within the non-dimen-
sional frequency range of 0.01 to 0.08 where our spectra show slightly
less energy.

The agreement of the non-dimensional spectra from the three
experiments (Fig. 7) is strong support for the validity of the scaling
proposed by Blakewell and Lumley. Despite the potentially greater
complexity of the geophysical boundary layer flow, the viscous sub-
layer at the ocean floor behaves remarkably like its laboratory

equivalent.
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Figure TII-5. Scaled sublayer spectra from Blakewell and Lumley
{1267) and Ueda and Hinze (1975). Symbols are the same as in

Figure ITI-4.
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Figure III-6. Scaled spectra from our study together with those of
the two laboratory studies. In this figure, all laboratory

points are shown by solid circles.
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Figure III-7. Ensemble-averaged spectrum from our study (M) plotted
with the laboratory spectra (o). The spectral estimate for the
lowest frequency is based on only one data point in the averaging
band and therefore is not as well determined as the other esti-
mates. The horizontal arrows delimit the energy containing

range of the laboratory spectra.
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5. The vertical structure of the streamwise velocity Fluctuations

in the viscous sublayer

A number of laboratory studies, while not always determining the
frequency dependence of the Streamwise velocity fluctuations, have
examined the dependence of the r.m.s. streamwise wvelccity fluctuation
(u") on y+ (Eckelmann, 1974; Mitchell and Hanratty, 1966; Hanratty,
1267; Ueda and Hinze, 1975; Kreplin and Eckelmann, 1979). The labor-
atory data suggest that u'/u, is roughly proportional to y+ between
y+ = 1 and y+ = 5, The value of the proportionality constant, however,
varies from study to study. Mitchell and Hanratty (1966) summarize
early determinations of the "constant” (Laufer, 1951, 1954; Klebanoff,
1954) which show tremendous variability in its value {from 0.21 to
0.44), but more recent determinations {Mitchell and Hanratty, 1966;
Blakewell and Lumley, 1967; Hanratty et al., 1977; Ueda and Hinze,
1975; Eckelmann, 1974; Kreplin and Eckelmann, 1979) all yield values
between 0.32 and 0.38 in the region between approximately y+ = 1 and
y+ = 5. The data of Kreplin and Eckelmann suggest that the value of
the "constant" varies with y+ and decreases from 0.38 at y+ = 4,5 to
0.32 at y+ = 1.5. Using flush-mounted hot-film wall sensors, Eckelmann
{1974) , Kreplin and Eckelmann {1573), and Sreenivasan and Antonia
(1277) obtained estimates of 0.24 to 0.25 for the limiting value of
the constant at the wall, althéugh Py (1973) and Fortuna and Hanratty
(1271) using different types of wall mounted sensors obtained 0.3 at

the wall. Because the limiting value of the constant is equal to the

ratio of the r.m.s. fluctuating wall stress to the mean wall stress,
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its value may be relevant in sediment transport studies.

wé have determined u' for each of the 128~point sublayer time
series. Based on 17 intervals we find u’/(u*y+) to be 0.20 + 0.03
(standard deviation). To resolve 99% of the variance in Blakewell
and Lumley's sublayer spectrum, the spectra must include the non-
dimensional frequency band from approximately 4.6 x lO-'3 to approxi-
mately 4.2 x 10_1. Although the ensemble average of our spectral
data (Fig. 7) resolves this energy-containing band, each individual
128-point spectrum does not. Depending on the value of the friction
velogcity u,, each 128-point spectrum missed predominantly either the
high frequency or the low fregquency portion of the energy-containing
range. Given the lowermost and uppermost non-dimensional fregquencies
resolved in each spectrum, and using the Blakewell and Lumley spectrum
as a standard, we find that each spectrum resclved from 76% to 90% of
the expected variance of the streamwise velocity fluctuaticns. Thus,
the ratio of u’/(u*y+) calculated from our data is likely to be too
low. After using the Blakewell and Lumley spectrum to correct for
these effects, u'/(u*y+) becomes 0.21 + 0.03. Even after correction,

our sublayer spectra contain less energy than eguivalent spectra from

the lahoratcry.
6. Spectra from the buffer laver

The buffer layer spectra were computed for 256-point series,
selected so that the sensor was within the top millimeter of the

. + _
traverse and yT was greater than 18. For these intervals y variad
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from 18 to 29, depending on u,. With the very slow traverse speeds
at the top of the profile, the sensors moved only 1 to 1.2 nen-
dimensional units during the 512 seconds over which a spéctrum was
computed. Laboratory data suggest little change in the turbulence
structure over this small distance, so the profiler motion should not
influence the buffer layer spectra. To remove the potential effect
of a temporal trend in mean velocity, the series were detrended prior

to analysis,

. +
Figure 8 shows several representative buffer layer spectra (v

+
19 and y = 29) from our study, along with buffer layer spectra (y+ =

20 and y+ 21) from Blakewell and Lumley {(1267) and Ueda and Hinze
(1975) . No spectral scaling has been proposed for buffer layer
velocity spectra. Because u'/u, varies by no more than 30 percent
over the range y+ = 18 to y+ = 30 (Blakewell and Lumley, 1967; Kreplin
and Eckelmann, 1979; Ueda and Hinze, 1975), Blakewell and Lumley's
spectral scaling for the wviscous sublayer (which depends strongly on
yz) cannot possibly work for buffer layer spectra. Thus, we sought
some other scaling which might be successful. In the logarithmic
layer of atmospheric and laboratory boundary layer flows, it is
raditional to non-dimensionalize the frequency axis by y/ﬁ(y) {where
ﬁ(y) is the mean velocity) and to non-dimensionalize the spectral
densities by u*z/m. We have applied this scaling to the two sets of
laboratory data (Fig. 9). Rather than dividing the spectral density
by u*2/m as is commonly done, we have divided by u*z &/w, where ; is

the non-dimensional frequency. This non-dimensionalization is not

fundamentally different, but has the advantage that the shape of the
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Figure ITI-8. Typical buffer layer spectra from our study plotted
with laboratory buffer layer spectra of Blakewell and Lumley
+ ;= r s
{y = 20, [0 and Ueda and Hinze (y+ = 21, ). Confidence limits

not shown are the same as for the highest frequency estimate of

our study.
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Figure III-9. Scaled versions of the laboratory buffer layer spectra

shown in Pigure ITII-8.
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scaled and unscaled spectra remain the same. Except for the lowest
frequencies, the proposed scaling does collapse the laboratory data

to a single curve. It should be noted that because the two sets of
laberatory data have substantially the same y+, we cannot argue that
the proposed scaling is independent of y+. Since the Reynolds numbers
of the two laboratory experiments differed by a factor of 60, it
appears that the scaling is indepedent of Revnolds number.

One difficulty in applying the proposed scaling to our data is
that, because we cannot measure the shear in the sublayer when the
sensors are in the buffer layer, we lack u, measurements simultaneous
to the buffer layer spectra. Stationary Savonius rotors on the
platform indicate that the "mean” flow was not always constant between
the time the sensors were in the sublayer and the time they were at
the top of the profile. Thus, it is unreasonable to use u, determinf
ations from the sublayer to non-dimensionalize the buffer layer
spectra. For lack of a better alternative, we have estimated u, from
the current speeds determined by the rotors located in the logarithmic
layer. 1In doing sc, we have assumed the commonly accepted value of
11.6 for the non-dimensional sublaver thickness (6+) even though data
from an earlier study (Chriss and Caldwell, 1981b)} indicate that 5+
may vary from this value in the marine environment. (Because of the
profiling scheme, determinations of s¥ were not possible in the
present study.) Chriss and Caldwell (1981b) show that u, determina-
tions based on log laver velocities and the assumption that 6+ =
11.6 may differ by as much as 30% from true u, values (determined

from sublayer data). Thus, using the rotors to estimate u, must be
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expected to introduce some error into the resulting non-dimensional
spectra.

In Figure 10, we present scaled versions of our buffer layer
spectra along with those from the two laboratory studies. Comparing
with Figure 8, one can see that the scaling is relatively successful,
particularly considering the potential uncertainties in the u,
estimates for our spectra. The shape of our ensemble-averaged spec-
trum (Fig. 11} is similar to *hose from the labbratory except that
both ours and that of Ueda and Hinze (1975) show a slightly more
extensive -1 power law range than does the spectrum of Blakewell and

Lumley (1967).

7. Disclussion

Although the proposed spectral scaling works reasonably well in
both the viscous sublayer and the buffer layer, the spectra from the
ocean floor fall below the laboratory spectra in the energy-containing
portion of the non-dimensional frequency band (Figs. 7 and 11). (The
horizontal arrows in these figures delimit the frequency band which
contains 80% of the variance of the streamwise velocity fluctuations
in the laboratory data.) Although the fact that cur non-dimensional
buffer-layer spectra fall below the laboratory spectra may be caused
by inaccurate estimates of u,, it is possible that the deviations
from the laborztory spectra may reflect real differences in the

flows.
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Figure III-10. Scaled buffer layer spectra from our study plotted
with those of the two laboratory studies. The laboratory spectra

are shown with solid circles.



108

1000 g——s—rrrr——

T YIT‘!TI’I T T r‘rvrlrr

100

] Tl_fillll T T 11

T T

o %

=
E; I.OEr
3 o
a s
(dp] "
oy 0.1
< »
SO
23 -
0.0i
0.001E

OOOOI B T | I_llilLL i 1 |||41LL | | 1111“]

T

T T

11 11

4
-

N S

N T lllll

llll

.13

J ] Lllllll

1 11 Illlll

L1 l.l_llu_L

et ool

000l 0.0l 0.1 1.0
O =wy/Tly)

Figure IITI-10.

o)



Figure III-1l1. Ensemble-averaged buffer layer spectrum from our
study (@) plotted with laboratory buffer layer spectra (o).
horizontal arrows delimit the energy containing range of the

laboratery spectra.
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Based on laboratory studies of the "bursting" phenomena in
smoocth-walled turbulent boundary layer flows, Kim et al. (1971) and
Zaric {1974) suggest that approximately 65% to 80% of the variance of
the streamwise velocity fluctuations is contributed during "bursting®
events and that the "guiescent" intervals between bursts contribute
only 20% to 35% of the total variance. Rao et al. (1971) and Laufer
and and Badri Narayanan {(1971) discovered that, while the mean
period between bursts, Tb' when scaled by v/u*2 is strongly dependent
on the boundary layer Reynolds number, a non-dimensional burst period,
Tb U /8, based on the free stream velocity and the boundaxry layer
thickness, §, is not. Subsequent laboratory studies have confirmed
this f£inding and indicate that the non-dimensional mean burst period
(Tb U /&) is between 3 and 5 depending on the burst recognition
criterion (Blackwelder and Kaplan, 1976; Wallace et al., 1977). The
importance of these findings for spectral studies is that, to the
extent that bursting influences u', the non~dimensional spectral
density at a given non-dimensional frequency may differ in two bound-
ary layer flows if the burst frequencies (2W/Tb) for the two flows
occur at significantly different non-dimensional frequencies. Ueda
and Hinze (1975) assume that the mean burst period is given by
T U /6 = 4.7 and note that, when non-dimensicnalized by u*g/v, the
correspending non-dimensional burst frequency is Q.027. A non-
dimensional burst frequency of 0.1 can be estimated for the flow in
the Blakewell and Lumley experiment if one takes the boundary layer
thickness to be the pipe radius. Even though these estimates are not

likelv to be exact, it is important that, in both cases, the non-
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dimensional frequency correspending to the mean burst period falls
within the anergy containing band of the sublayer spectrum (Fig. 7).

While no data exists which demonstrates that bursting is impor-
tant in the viscous sublayer of geophysical boundary layer flows, one
can calculate the non-dimensional frequency winich might be expected
if bursting were important on the Oregon shelf. Because all of our
current data were obtained within 1.5 m of the sea bked, it is not
possible to determine the appropriate boundary layer thickness §.
However, taking the standard estimate of .4 u*/fc for the thickness
of the Ekman laver (fc is the Coriolis parameter), and estimating the
free stream velocity as approximately 30 u,, one obtains an estimate
of 630 seconds for the mean burst period. The non-dimensional fre-
guency (;b = (2Wv)/(u*2 Tb)) corresponding to this period ranges from
0.001 to 0.006 for the measured range of u, in our experiment. If
the sublayer burst period in large-scale geophysical flows scales
with that of laboratory flows, and if the Ekman depth is the relevant
boundary layer thickness, the non-dimensional burst freguency for our
data would lie considerably outside the energy containing range for
the laboratory spectra (Fig. 7). If one assumes that the Ekman depth
is not the relevant boundary layer thickness, one can determine what
boundary layer thickness would be required to have the same non-
dimensional burst freguency (0.027) as in Ueda and Hinze's study.
These calculated thicknesses range frem 62 om (at u, = 0.36) to
149 cm {at u, = 0.15) and are unreascnably small for the tottom

boundary laver on the shelf. This simple exercise suggests that, if

bursting is important in the sublayer on the continental snelf, and
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if Tb U /8 = 4.7, the non-dimensional frequency corresponding to mean
burst period is very different from that of laboratory experiments
and is outside the energy containing range of the laboratory spectra.
This frequency, in fact, would be nearly at the low frequency limit
of the spectra in Figure 7. The agreement between our sublaver
spectra and the laboratory spectra at the lowest non-dimensiocnal
frequencies might be taken to indicate that bursting did not contrib-
ute to u' at these frequencies during our study. However, this
conclusion is not warranted because of the removal of low frequency
energy by the detrending necessary to remove the effect of the mean
shear in the sublayer. Although the profiler motion in the sublayer
prevents an accurate compariscn of the geophvsical and laboratory
spectra at very low non-dimensional frequencies, we were able to
compute spectra for two 1024-point buffer layer series during which
the mean flow was relatively steady. Although the larger amount of
low frequency energy (compared with laboratory spectra, Fig. 12) is
consistent with what might be expected if geophysical sublayer burst-
ing obeys the same s¢Caling as in laberatory flows, energy at these
time scales (7 to 22 minutes) could equally well be contributed by a
number of processes (internal waves, low frequency turbulence, etc.)
completely unrelated to bursting. The determination of whether
bursting is significant in gecphysical sublayers must await the
development of Raynolds stress sensors capable of operating in the

sublayer znd buffer layer of geophysical flows.
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Figure III-12. Buffer layer spectra for the two 1024-point series
{solid symbols) plotted with the laboratory spectra (o). Con-

fidence intervals shown are for our data.
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8. Conclusions

Spectra of velocity fluctﬁations have been determined for the
first time in the viscous sublayer and buffer layer of a geophysical
boundary layer flow. The spectral scaling proposed by Blakewell and
Lumley (1967) for the viscous sublayer works remarkably well in
collapsing the sublayer spectra from this geophysical and several
different laboratory flows. Buffer layer spectra from y+ = 18 to
y+ = 29 collapse reasonably well with laboratory spectra (y+ = 20)
when freguencies are scaled by ﬁ(y)/y and spectral densities are
scaled by u*2 ;/w, where ; 1s the non-dimensional frequency given by
wy/U(y) -

Although this scaling is moderately effective, the non-dimen-
sional spectral densities of the geophysical sublayer and buffer
layer spectra fall slightly below the laboratory sSpectra in the
energy~containing portion of the frequency band. This observation
may be related to the fact that, if the sublayer burst period for
geophysical flows scales according to laboratory results, the corre-
sponding non-dimensiocnal burst freguency for the geophysical f£low may
lie outside the energy-contzining range of the non-dimensional labor-
atory spectra.

Geophysical boundary laver experiments must be conducted in
which Reynolds stress sensors remain fixed at one position in the
viscous sublayer for a sufficiently long time in order to resclve the

low frequency pcrtion of the spectrum where the effects of the burst-

ing phenomena may be apparent.
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