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Turbulent Boundary Layers on
Surfaces Covered With
Filamentous Algae
Turbulent boundary layer measurements have been made on surfaces covered wi
mentous marine algae. These experiments were conducted in a closed return water
using a two-component, laser Doppler velocimeter (LDV). The mean velocity profiles
parameters, as well as the axial and wall-normal turbulence intensities and Reyn
shear stress, are compared with flows over smooth and sandgrain rough walls. Sign
increases in the skin friction coefficient for the algae-covered surfaces were meas
The boundary layer and integral thickness length scales were also increased. The r
indicate that profiles of the turbulence quantities for the smooth and sandgrain ro
walls collapse when friction velocity and boundary layer thickness are used as nor
izing parameters. The algae-covered surfaces, however, exhibited a significant incre
the wall-normal turbulence intensity and the Reynolds shear stress, with only a m
increase in the axial turbulence intensity. The peak in the Reynolds shear stress p
for the algae surfaces corresponded to the maximum extent of outward movement
algae filaments.@S0098-2202~00!01902-7#
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Introduction
Biofouling is the colonization of a surface exposed in t

aquatic environment by microorganisms, plants, and animals.
marine vehicles, biofouling leads to increased surface rough
and frictional drag. In the past, calcareous or ‘‘hard’’ fouling o
ganisms such as barnacles were the most problematic to ship
erators. At present, the duty cycles of modern merchant sh
marked by short periods in port and in larvae-rich coastal ar
favor the settlement and growth of algae~Callow @1#!. The most
common macroalgae found on copper-based antifouling pain
the filamentous green algaEnteromorpha. Its dominance results
from its nearly global distribution, high reproductive potenti
and ability to withstand large variations in environmental con
tions ~Callow @2#!. Since filamentous algae can form a significa
presence on the hulls of marine vehicles, their effect on skin f
tion and turbulent boundary layer structure is of practical inter

A substantial body of research has been devoted to studying
effects of marine fouling on frictional resistance. A review
much of this work was given in Schultz@3#. Atmospheric bound-
ary layer investigations over plant canopies are analogous in m
respects, and a review of this work is given in Raupach and Th
@4# and Raupach et al.@5#. Several studies have looked at th
effect of flexible vegetation on turbulent shear flows and, the
fore, are of particular relevance to the present investigation. K
wen and Unny@6# studied turbulent open channel flow over pla
tic strips. The primary contribution of their work was th
formulation of a dimensionless, stiffness parameter that rela
the density and amount of bending stress of the roughness to
wall shear stress. The stiffness parameter proposed by Kou
and Unny was as follows:

1

k0
S mEI

rUt
2 D 1/4

(1)

Lewkowicz and Das@7# used uniformly distributed nylon tufts
attached to a rough flat plate to model a turbulent boundary la
flow over a filamentous algae layer. Both mean and turbule
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quantities were measured. They found that the model algae l
caused significant increases in the physical growth of the bou
ary layer, the wall shear stress, and the turbulent normal and s
stresses. The roughness function,DU1, for their model algae film
collapsed well to Eq.~2! for 40<k1<800.

DU15
0.89

k
ln~k1!11.055 (2)

Ikeda et al.@8# used both laser Doppler velocimetry~LDV ! and
particle image velocimetry~PIV! to study the organized, three
dimensional vortical motions above flexible aquatic plants. T
plants were modeled using nylon filaments. They noted that
mean axial velocity profile had an inflection point below the t
of the roughness layer. The turbulent normal and shear stre
were found to be largest near the top of the roughness layer.
wavy motion often associated with flow over filamentous surfa
~e.g., the waves in a field of grain! was shown to be induced b
the movement of elliptical vortices generated intermittently abo
the vegetation layer.

Schultz and Swain@9# investigated the effect of natural, alga
biofilms on turbulent boundary layers. The roughness layers te
were composed mainly of diatom slimes and blue-green alg
with only one specimen having a significant coverage of filam
tous macroalgae. The results showed an increase inCf of 33 per-
cent to 187 percent on the fouled specimens. The biofilms te
showed varying effect on the turbulent normal and shear stre
when those quantities were normalized with the friction veloci
It was concluded that a large part of the variability in the resu
was due to the heterogeneity of the biofilms that were tested.

The aim of the present experimental investigation was to be
understand the structure of turbulent boundary layers that dev
over natural, filamentous marine algae layers. To accomplish
boundary layer measurements were made on test surfaces
nized by algae. The experiments were conducted in water tu
using a two-component LDV. The mean velocity profiles and b
flow parameters as well as the turbulent normal and shear stre
are compared with flows over smooth and sandgrain rough w

Experimental Facilities and Method
The experimental work was carried out at the Harbor Bran

Oceanographic Institution~HBOI! closed return, closed jet wate
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tunnel ~Gangadharan et al.@10#!. The tunnel is 2.44 m in height
8.53 m in length, and 1.22 m in width, and the test section is 0
m by 0.61 m and is 2.54 m in length. Flow management devi
include turning vanes placed in the tunnel corners and a poly
bonate honeycomb flow straightener in the entrance to the
traction section. The resulting freestream turbulence intensit
the test section is;1.3 percent.

The test matrix consisted of five specimens. One smooth
face and specimens covered with #240 grit and #36 grit sandp
served as controls. The remaining two specimens were allowe
foul with the filamentous green alga,Enteromorpha spp. over a
period of about 30 days. In order to look at boundary layer dev
opment over the algae layer, velocity profiles were taken at
downstream positions. These were taken at 1.15 m, 1.30 m,
m, 1.60 m, and 1.75 m downstream of the leading edge of the
fixture and at a nominal freestream velocity of 1.6 ms21.

The algae used in the present study were grown at the H
Aquaculture facility. Water from the Indian River Lagoon wa
continuously pumped through a sand filtration system and
grow-out tanks. During the experiments, the salinity of the wa
in the tanks ranged from 25 ppt to 40 ppt. The water tempera
ranged from 25°C to 35°C. Test specimens were fabricated f
cast acrylic sheet and were exposed for;30 days. Each specime
measured 558 mm in width, 1168 mm in length, and 12.7 mm
thickness. Still digital photographs and video clips of the alg
layer under flow were taken. Image analysis allowed the m
thickness of the layer to be estimated. This was accomplishe
digitizing the side profile of the algae layer and measuring
height above the acrylic substrate. The roughness height of
sandgrain rough specimens was measured using a BMT st
type hull roughness analyzer. The stylus was 1.6 mm in diam
and the profile length was 50 mm. The maximum peak to va
height was measured 100 times and averaged to estimate
roughness height for the surface. The accuracy of the devic
60.01 mm or65 percent, whichever is greater. A description
the test surfaces with their roughness heights is given in Tab

The test specimens were inserted into a flat plate test fix
mounted horizontally in the tunnel. The plate was 0.58 m
width, 2.06 m in length, and 54 mm thick. It was constructed
polyvinylchloride ~PVC! and stainless steel and was mount
horizontally in the tunnel’s test section. The leading edge of
test fixture was shaped to mimic the forward portion of a NAC
0012-64 airfoil. The forward most 280 mm of it was covered w
#36 grit sandpaper to hasten development of a turbulent boun
layer. The use of a strip of roughness to artificially thicken
boundary layer was proposed by Klebanoff and Diehl@11#. The
forward edge of the specimen was located 710 mm from the le
ing edge of the plate.

Velocity measurements were made using a TSI two-compon
fiber-optic LDV system. The LDV used a four beam arrangem
and was operated in backscatter mode. The probe volume d
eter was;90 mm, and its length was;1.3 mm. The viscous
358 Õ Vol. 122, JUNE 2000
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length (n/Ut) varied from a minimum of 9mm for the algae
covered surface to a maximum of 18mm for the smooth wall. The
diameter of the probe volume, therefore, ranged from 10 visc
lengths for the algae covered surface to 5 viscous lengths for
smooth wall. The LDV probe was mounted on an AMPRO Sy
tem 1618, three-axis traverse unit. The traverse allowed the p
tion of the probe to be maintained to6 5 mm in all directions. In
order to facilitate two-component, near wall measurements,
probe was tilted downwards at an angle of 4 deg to the horizo
and was rotated 45 deg about its axis. Using this setup, meas
ments were made as close as 50mm to the wall. Velocity mea-
surements were conducted in coincidence mode with 30,000
dom samples per location. Doppler bursts for the two chann
were required to fall within a 40ms coincidence window or the
sample was rejected.

In this study, two methods were used to determine the s
friction coefficient,Cf , for each of the test specimens. For th
smooth surface,Cf was found using the Clauser chart meth
with the log-law constantsk50.41 andB55.0. The total stress
method, as presented in Ligrani and Moffat@12#, was used to
verify these results. For the rough walls,Cf and« were obtained
using the modified Clauser chart procedure given by Perry an
@13#. Again, the total stress method was used to verify theCf
values obtained using the modified Clauser chart. The rough
functions for the rough wall profiles were obtained using the l
of the wall ~Eq. ~3!! with the previously obtained values ofUt
and«.

U15
1

k
ln~y1«!11B2DU1 (3)

The boundary layer thickness and Coles’ wake parameter fo
of the profiles was then found by using a nonlinear least squ
algorithm to fit the experimental data from the overlap region
to ;0.9d to Coles’ law of the wake in universal defect form~Eq.
~4!!.

Ue2U

Ut
52

1

k
lnF ~y1«!

d G1
2P

k Fcos2S p

2

~y1«!

d D G (4)

Uncertainty Estimates
Precision uncertainty estimates for the velocity measurem

were made using repeatability tests. Ten replicate profiles w
taken on both a smooth and a rough plate. The standard erro
each of the measurement quantities was then calculated for
samples. In order to estimate the 95 percent confidence limits
a statistic calculated from a single profile, the standard error
multiplied by the two-tailedt value (t52.262) for 9 degrees of
freedom anda50.05, as given by Coleman and Steele@14#. The
resulting precision uncertainties in the mean velocities were60.7
percent in the outer region of the boundary layer and61.5 percent
in the near-wall region. Foru82 andv82, the precision was61.4
Table 1 Description of test surfaces
Transactions of the ASME
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percent in the outer region and62.7 percent in the near-wal
region. The precision uncertainty inu8v8 was65 percent.

LDV measurements are also susceptible to a variety of b
errors including fringe bias, validation bias, velocity bias, a
velocity gradient bias. Fringe bias is due to the fact that scatte
particles passing through the measurement volume at large a
may not be measured since several fringe crossing are need
validate a measurement. In this experiment, the fringe bias
considered insignificant, as the beams were shifted well above
burst frequency representative of twice the freestream velo
~Edwards@15#!. Validation bias results from filtering too close t
the signal frequency and any processor biases. In general thes
difficult to estimate and vary from system to system. No corr
tions were made to account for validation bias. Velocity bias
sults from the greater likelihood of high velocity particles movi
through the measurement volume during a given sampling per
The present measurements were burst transit time weig
~Buchhave et al.@16#! to correct for velocity bias. Velocity gradi
ent bias is due to variation in velocity across the measurem
volume. The correction scheme of Durst et al.@17# was used to
correct u8. The corrections to the mean velocity and the oth
turbulence quantities were quite small and therefore neglected
additional bias error in thev8 measurements of;2 percent was
caused by introduction of thew8 component due to inclination o
the LDV probe.

The uncertainties inCf for the smooth walls using the Clause
chart and the total stress method were65 percent and67 percent,
respectively. The uncertainties inCf for the rough walls using the
modified Clauser chart and the total stress method were610 per-
cent and613 percent, respectively. The increased uncertainty
the rough walls resulted mainly from the extra two degrees
freedom~« andDU1! in the analysis. The uncertainties ind, d* ,
andu were68 percent,65 percent, and66 percent, respectively

Results and Discussion
The bulk flow parameters for the five test specimens are gi

in Table 2. The displacement, momentum, and boundary la
thickness for the algae-covered surfaces were all significantly
creased with respect to the smooth wall values. The averag
creases ind* , u, andd for algae #1 were 81 percent, 57 perce
and 18 percent, respectively. For algae #2, the increases ind* , u,
and d were 83 percent, 58 percent, and 19 percent above
smooth wall values. Results from Lewkowicz and Das@7#, on a
simulated filamentous algae layer, showed that it increased
boundary layer thickness by 25 percent to 30 percent above th
a background roughness.

In the present study, increases in the mean values ofd* , u, and
d were also noted on the sandgrain rough surfaces, although n
as great an extent. Only slight increases in the integral len
scales and boundary layer thickness, all of which fell within t
uncertainty of the measurements, were noted on the 240-grit
face. Average increases ind* andu of 53 percent and 34 percen
respectively, were found on the 36-grit surface. The bound
layer thickness was also increased slightly on this surface, bu
increase was not significant given the uncertainty in
measurement.

Figure 1 presentsCf versus Reu for all the test surfaces usin
the Clauser chart methods. The results of Coles@18# are also
shown for comparison. It is of note that good agreement betw
the Clauser chart~or modified Clauser chart! and the total stress
method was seen for most of the profiles. The mean abso
difference in Cf from the two methods was 3 percent for th
smooth surface, 4 percent for the sandgrain rough surfaces, a
percent for the algae-covered surfaces. The skin friction co
cients for algae #1 averaged 125 percent higher than the sm
wall values, while algae #2 averaged 110 percent higher.
increase inCf for 36-grit sand roughness averaged 84 perce
The skin friction coefficients for the 240-grit sand roughness w
Journal of Fluids Engineering
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9 percent higher than the smooth wall, but this is not a signific
difference given the experimental uncertainty. It should be no
that the present smooth wallCf results averaged 3 percent high
than those of Coles@18#.

Figures 2 and 3 show the mean velocity profiles for algae
and #2 as they develop downstream. Included for compariso
Eq. ~5!, the smooth wall log-law using the Stanford Conferen
values for the slope and intercept~Coles@19#!.

U155.62 logy115.0 (5)

One feature of interest in these graphs is the roughness f
tion. The results of Schultz and Swain@9# showed erratic stream
wise variation inDU1 for turbulent boundary layers developin
over slime films. The authors attributed this to the heterogene

Fig. 1 Skin friction coefficient versus momentum thickness
Reynolds number for the five test specimens „uncertainties in
Cf : Á5 percent for the smooth specimen; Á10 percent for
fouled profiles …

Table 2 Boundary layer parameters
JUNE 2000, Vol. 122 Õ 359

ense or copyright; see http://www.asme.org/terms/Terms_Use.cfm



a
e

c

r

s

i

ob-
ults
ch a

Down
nature of the biofilms that were tested. The present results w
taken on fairly uniform, filamentous algae layers, and the err
behavior of the roughness function is notably absent. Figur
shows the mean velocity profiles for all five test specimens ax
51.75 m. The figure illustrates that the roughness functions
the two algae-covered plates were larger than for the sandg
rough surfaces.

The roughness functions for the rough test surfaces are
sented in Fig. 5. Also included are the roughness functions
uniform sand roughness as given by Colebrook and White@20#,
Schlichting@21#, and Bandyopadhyay@22#. It was not the primary
aim of the present investigation to develop relationships that
relate some physical measure of algae to their roughness func
To attempt this would require measurements over a much la
Ut range than were taken in this study. It is interesting, howev
to see how the present results compare those of standard ro
ness types. The scatter in the values ofDU1 versusk1 was larger
for the algae-covered specimens than for the sandgrain ro
specimens. This is likely due to nonuniformities in the thickne
and composition of the algae surface. The results of Schultz
Swain @9# on highly heterogeneous slime roughness showed
nificantly more scatter than the present results.

Profiles of the turbulent normal stresses,u82/Ut
2 and v82/Ut

2,
and the turbulent shear stress,2u8v8/Ut

2, for algae #1 are pre-
sented in Figs. 6, 7, and 8, respectively. The graphs are show
illustrate the downstream development in the turbulence quant

Fig. 2 Mean velocity profiles for algae #1 „uncertainty in U¿

Á7 percent …

Fig. 3 Mean velocity profiles for algae #2 „uncertainty in U¿

Á7 percent …
360 Õ Vol. 122, JUNE 2000
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over the filamentous algae layer. Similar results were also
tained for algae #2. Although there is some scatter, the res
indicate that the turbulence profiles over these algae layers rea
nearly self-similar state.

The profiles of the turbulent normal stress,u82/Ut
2, for all the

Fig. 4 Mean velocity profiles for the five test specimens @ x
Ä1.75 m „uncertainty in U¿: Á4 percent for the smooth sur-
face; Á7 percent for the rough surfaces …

Fig. 5 Roughness functions for the test specimens „uncer-
tainty in DU¿ Á13 percent …

Fig. 6 Turbulent normal stress u 82ÕUt
2 for algae #1 „uncer-

tainty in u 82ÕUt
2 Á10 percent …
Transactions of the ASME
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test surfaces atx51.75 m are shown in Fig. 9. Also included i
the graph are the data of Perry and Li@13# for a smooth wall and
a k-type, mesh roughness. Reasonable agreement betwee
present results and those of Perry and Li is seen. The excep
are the algae covered surfaces. Algae #1 showed a modes

Fig. 7 Turbulent normal stress v 82ÕUt
2 for algae #1 „uncer-

tainty in v 82ÕUt
2 Á10 percent …

Fig. 8 Turbulent shear stress Àu 8v 8ÕUt
2 for algae #1 „uncer-

tainty in Àu 8v 8ÕUt
2 Á11 percent …

Fig. 9 Turbulent normal stress u 82ÕUt
2 for all the test surfaces

@ xÄ1.75 m „uncertainty in u 82ÕUt
2: Á6 percent for the smooth

surface; Á10 percent for the rough surfaces …
Journal of Fluids Engineering
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crease inu82/Ut
2 near the roughness layer, and algae #2 exhibi

an increase inu82/Ut
2 over a larger region of the boundary laye

The present experimental results also agree qualitatively w
those of Krogstad et al.@23# who found only a modest change i
u82/Ut

2 for a mesh-type roughness compared to a smooth w
boundary layer.

Profiles of the turbulent normal stress,v82/Ut
2, for all the test

surfaces atx51.75 m are shown in Fig. 10. The results of Per
and Li @13# are included for comparison. Agreement among t
present smooth and sandgrain rough results and those of Perr
Li was seen. Both algae-covered surfaces showed significan
creases inv82/Ut

2 over both the smooth and sandgrain rough s
faces. The increase amounted to; 30 percent near the roughnes
layer and was observed well out into the outer region of
boundary layer. Image analysis of the video clips of the alg
under flow indicates that the maximum extent of outward mo
ment of the filaments during turbulent bursts was;0.18d and
;0.15d for algae #1 and #2, respectively, atx51.75 m. The re-
gion of significantly increasedv82/Ut

2 extends to.2.5 times the
maximum extent of outward movement of the filaments. It is
note that Krogstad et al.@23# also observed a significant increas
in v82/Ut

2 for fully-rough boundary layer flow over mesh rough
ness. Krogstad and Antonia@24# concluded that the major effec

Fig. 10 Turbulent normal stress v 82ÕUt
2 for all the test surfaces

@ xÄ1.75 m „uncertainty in v 82ÕUt
2: Á6 percent for the smooth

surface; Á10 percent for the rough surfaces …

Fig. 11 Turbulent shear stress Àu 8v 8ÕUt
2 for all the test sur-

faces @ xÄ1.75 m „uncertainty in Àu 8v 8ÕUt
2: Á7 percent for the

smooth surface; Á11 percent for the rough surfaces …
JUNE 2000, Vol. 122 Õ 361
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of this roughness was to tilt the large-scale structures towards
wall-normal direction, leading to a higher degree of isotropy a
higher values ofv8. This was not observed in the present resu
over the sandgrain roughness but was apparent in the flows
the algae-covered surfaces. The results of Schultz and Swai@9#
indicated increases in bothu82/Ut

2 andv82/Ut
2 for boundary lay-

ers over biofilms, although there was large degree of variability
their results.

Profiles of the turbulent shear stress,2u8v8/Ut
2, for the test

surfaces atx51.75 m are shown in Fig. 11. The results of Ligra
and Moffat @12# for a fully-rough boundary layer on a uniform
spheres rough surface are also included. Fairly good collaps
the smooth and sandgrain rough surfaces to single curve was
served. These profiles fell somewhat below the results of Ligr
and Moffat. This may have been due to Reynolds number effe
The results of Ligrani and Moffat are for a fully-rough bounda
layer at Reu518,700. The present values of Reu were significantly
less (Reu<9,300). It is interesting to note that Krogstad et al.@23#
observed a moderate increase in the Reynolds shear stres
flows over a meshk-type roughness. This was attributed to bo
an increase in the magnitude of the burst and sweep events an
frequency of these events. In the present study, a significan
crease was observed in the Reynolds shear stress for the a
covered surfaces in the log-law region. The increase was m
variable for2u8v8/Ut

2 than forv82/Ut
2. Algae #1 had an increas

of ;17 percent in2u8v8/Ut
2 at 0.1d as compared to the smoot

and sandgrain rough walls. There was an increase of;30 percent
for algae #2 in the same region. A greater degree of scatter
seen in the algae profiles, and this can be attributed to the dyn
nature of the algae surface while under flow. It is of note that
peak in2u8v8/Ut

2 corresponds approximately to the maximu
extent of outward movement of the algae filaments.

In a recent study on a smooth wall and two rough walls~rods
and mesh! with the same roughness function, Krogstad and An
nia @25# found thatu82/Ut

2 was largely unaffected by the nature
the surface except near the wall. However, they found signific
differences in profiles ofv82/Ut

2 and 2u8v8/Ut
2 that extended

well into the outer region of the boundary layer. It is interesting
note that the present algae results showed similar trends for a
these turbulence quantities.

Conclusion
Comparisons of turbulent boundary layers developing over fi

mentous marine algae with smooth and sandgrain rough surf
have been made. A significant increase inCf was measured for
the algae-covered surfaces as compared with the smooth wa
sults. The increase averaged 125 percent and 110 percent fo
two algae specimens tested. A significant increase was also n
in d* , u, andd for these surfaces. The present results show
the profiles ofu82/Ut

2, v82/Ut
2, and2u8v8/Ut

2 for boundary lay-
ers over the smooth and sandgrain rough walls collapse wi
experimental uncertainty. The algae-covered surfaces exhib
only a modest increase inu82/Ut

2. More sizeable increase in
v82/Ut

2 and2u8v8/Ut
2 were observed in the log-law region of th

boundary layer. The region of increasedv82/Ut
2 extended well

into the outer region~.2.5 times the maximum extent of outwar
movement of the algae filaments!. The peak in the2u8v8/Ut

2

profiles corresponded with the maximum extent of outward mo
ment of the algae filaments. The present profiles of the turbule
quantities indicate that boundary layers over fairly uniform fi
mentous algae may become nearly self-similar. The roughn
functions for these algae layers behave likek-type roughness,
scaling to some degree on their mean height while under fl
Scatter in the roughness functions of these surfaces indicates
further research is needed to better correlate the physical mea
of the algae layer with their roughness function.
362 Õ Vol. 122, JUNE 2000
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Nomenclature

B 5 log-law intercept
Cf 5 skin friction coefficient5(t0)/(1/2rUe

2)
E 5 elastic or Young’s modulus
H 5 shape factor5d* /u
I 5 moment of inertia of cross section of algae filament
k 5 roughness height

k0 5 undeflected roughness height
m 5 roughness density parameter

Reu 5 momentum thickness Reynolds number5uUe /n
t 5 t-statistic

U, V 5 mean velocity in thex andy direction
Ue 5 freestream velocity

DU1 5 roughness function
u, v 5 instantaneous velocity in thex andy direction

u8,v8 5 fluctuating velocity component in thex andy direction
Ut 5 friction velocity5At0 /r

x 5 streamwise distance from plate leading edge
y 5 normal distance from the boundary
a 5 statistical significance level
d 5 boundary layer thickness

d* 5 displacement thickness
« 5 wall datum error
k 5 von Karman constant~50.41!
n 5 kinematic viscosity of the fluid
u 5 momentum thickness
r 5 density of the fluid

t0 5 wall shear stress

Superscript

1 5 inner variable~normalized withUt or n/Ut!
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