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Abstract We describe a simple method for estimating

turbulent boundary layer wall friction using the fit of mea-

sured velocity data to a boundary layer model profile that

extends the logarithmic profile all the way to the wall. Two

models for the boundary layer profile are examined, the

power-series interpolation scheme of Spalding and the

Musker profile which is based on the eddy viscosity concept.

The performance of the method is quantified using recent

experimental data in zero pressure gradient flat-plate tur-

bulent boundary layers, and favorable pressure gradient

turbulent boundary layers in a pipe, for which independent

measurements of wall shear are also available. Between the

two model profiles tested, the Musker profile performs much

better than the Spalding profile. Results show that the new

procedure can provide highly accurate estimates of wall

shear with a mean error of about 0.5% in friction velocity, or

1% in shear stress, an accuracy that is comparable to that

from independent direct measurements of wall shear stress.

An important advantage of the method is its ability to pro-

vide accurate estimates of wall shear not only based on many

data points in a velocity profile but also very sparse data

points in the velocity profile, including only a single data

point such as that originating from a near-wall probe.

1 Introduction

A common approach for estimating the wall shear stress,

sw, in turbulent boundary layers is the Clauser method

(Clauser 1956; Fernholz and Finley 1996). In this method,

measurement of the mean velocity profile U(y) is used to

estimate the friction velocity us �
ffiffiffiffiffiffiffiffiffiffi

sw=q
p

using the fit of

the measured data to the logarithmic region of the bound-

ary layer, given by

UðyÞ
us
¼ 1

j
ln

y us

m

� �

þ B: ð1Þ

There are several aspects in the implementation of this

method that can introduce uncertainties in the estimated

shear stress. One needs to select the beginning and ending

points within the data set that are believed to fall within the

log-linear region, and this brings an element of user sub-

jectivity into the result. A more important aspect, however,

is the fact that the estimate of friction velocity is directly

related to the choice for the von Kármán constant j. Dif-

ferent values of this constant are often reported in the

literature (Zanoun et al. 2003), and a number of studies

have indicated that the Clauser method produces artificially

high friction velocities, especially at the low range of

Reynolds numbers (Kline et al. 1967; Blackwelder and

Haritonidis 1983; Spalart 1988; Ong and Wallace 1998;

Wei et al. 2005). For example, the friction velocity esti-

mated from the Clauser method was reported to have an

error varying between 8 and 20% over a Reynolds number

in the range of Reh = 1,000–10,000 (Blackwelder and

Haritonidis 1983). At very high Reynolds numbers, the

larger extent of a well-developed log-linear region

improves the accuracy of the Clauser method as long as a

suitably accurate value of j is used. A related approach

introduced by Coles (1968) extends the logarithmic

velocity profile towards the freestream by incorporating the

wake function. In this approach, the data points near the

wall are not utilized; in particular, the data in the region

y+ : yus/m\ 50 are specifically excluded (Coles 1968).
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Another approach for wall-shear estimation is to rely on

velocity measurements that are carried out by fine probes

very close to the wall in the linear sublayer. Advances in

microsensors, for example, have led to flush surface-

mounted optical probes that provide single-point samples

of the velocity as close as 70 lm from the wall (Fourguette

et al. 2001, 2003). Hot-wire velocity measurements have

been carried out down to 35 lm away from the wall in

turbulent boundary layers (Österlund 1999). The challenge

in utilizing the near-wall velocity data for wall shear esti-

mation is that in a typical measurement the actual location

of the velocity information in wall units is not known

a priori and, depending on the flow Reynolds number, it

may not occur in the linear sublayer, but in the logarithmic

region, or in the buffer layer joining these two regions.

The method we describe here was initially motivated by

the need to estimate the wall-shear stress based on near-

wall single-point, or very sparse, velocity data for which

the previously described methods would not be helpful.

Because of the expectation that modern probes are able to

obtain more velocity data closer to the wall as opposed to

data closer to the freestream, the method we present uti-

lizes the fit of the measured data to a boundary layer model

profile that extends the logarithmic profile all the way to

the wall. This methodology was originally devised several

years ago to extract wall-shear information from single-

point data obtained from surface-mounted optical MEMS-

based probes (Fourguette et al. 2003). In this paper, we

present a quantitative assessment of the performance of the

method using recent experimental data in zero pressure

gradient flat-plate turbulent boundary layers, and favorable

pressure gradient turbulent boundary layers in a pipe, for

which independent measurements of wall shear are also

available. Even though the original motivation of our

method was to address the case of near-wall probes with

sparse data points, the approach can equally be used in

cases where a full survey of boundary layer profile with

many data points is available. In the latter case, the

approach we present takes advantage of all the velocity

data available down to the wall for estimating wall shear

and does not rely only on the data in the log-linear region

as in the Clauser method.

In the sections that follow, we describe the method for

estimating the wall shear stress and give a brief account of

the experimental database used to assess its performance.

The performance of the method is characterized using both

many data points in a velocity profile and also very sparse

measurements such as single-point data. We will show that

in both cases the new procedure can provide highly accu-

rate estimates of the wall shear with a mean error of about

0.5% in friction velocity, or 1% in shear stress. This

accuracy is comparable to that from independent direct

measurements of wall shear stress.

2 Experimental database and wall-shear estimation

method

2.1 Experimental database

The velocity measurements of Österlund (1999) and

Österlund et al. (2000) provide the primary database for

assessing the performance of the method we describe in this

paper. This database consists of 70 mean velocity profiles of

a zero pressure gradient 2-D turbulent boundary layer

measured with hot-wire anemometry at different freestream

velocities and downstream locations along a flat-plate,

covering a Reynolds number in the range 2,533 \ Reh \
27,320. For each case, the value of wall shear sw is avail-

able based on a skin-friction relation developed from

independent oil-film interferometry measurements. The

accuracy of wall-shear data is reported to be 1% (corre-

sponding to 0.5% accuracy in friction velocity us).

The second database is the favorable pressure gradient

superpipe boundary layer data of McKeon et al. (2004). The

finest Pitot probe (0.3 mm diameter) database is used here

and it comprises of 19 mean velocity profiles spanning a pipe

Reynolds number range 7.43 9 104 \ ReD \ 3.57 9 107.

The wall-shear stress is determined from pressure gradient

measurements over a known length of pipe with an accuracy

better than 0.8% (accuracy improves at lower Reynolds

numbers).

2.2 Models of mean boundary layer profiles

Two models of turbulent boundary layer mean velocity

profile are evaluated in this work. The first is the profile of

Spalding (1961), which is a power-series interpolation

scheme joining the linear sublayer to the logarithmic

region. The Spalding profile has the following form

yþ ¼ uþ þ exp �jBð Þ

exp ðjuþÞ � 1� juþ � juþð Þ 2

2
� juþð Þ 3

6

" #

;
ð2Þ

where the usual inner variable normalization is used, i.e.

y+ = (y - y0)us/m and u+ = U/us. In these expressions, U is

the mean velocity, m is the fluid kinematic viscosity and y0

is retained as the wall coordinate to allow for the possibility

of uncertainty in wall location. Throughout this work, we

consider the fix set of commonly-used boundary layer

constants (j = 0.41, B = 5.0). Observations of the potential

influence of other recently reported values of these con-

stants (Österlund 1999; Österlund et al. 2000) on our

conclusions will be discussed at the end of this paper.

The second profile is that due to Musker (1979) and it

was suggested to us by Professor Donald Coles of Caltech.
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The Musker profile is based on the eddy viscosity model

and is given by the solution to the following implicit

relation

duþ

dyþ
¼

ðyþÞ2
j þ 1

s

ðyþÞ3 þ ðyþÞ
2

j þ 1
s

: ð3Þ

The variable s is solved for by matching the solution

u+(y+) from the above equation to the log-linear region (i.e.

Equation 1) at sufficiently large y+. Using an iterative

procedure, for the selected boundary layer constants

(j = 0.41, B = 5.0) we find s = 0.001093, consistent with

previous results in Musker (1979). In our work, we use a

discrete form of the velocity profile, a table of velocity data

at a set of finely-spaced discrete locations, that is obtained

by the integration of Equation (3).

We note that the model profiles we have selected do not

include the wake component of the full boundary layer

profile. As will be shown, based on the tested cases, highly

accurate estimates of wall shear can be obtained with our

method of implementation. If needed, the approach can

certainly be extended by incorporating appropriate models

of the wake component.

The Spalding and Musker profiles are plotted in Fig. 1

along with two of the measured velocity profiles from the

Österlund database. By construction, both Spalding and

Musker profiles agree in the linear sublayer and logarith-

mic regions. They differ slightly, however, in the transition

between these two regions where the Musker profile has a

higher velocity. Note that the Musker profile provides a

better fit to the two measured profiles shown here.

2.3 Procedure for friction velocity estimation

For a given measured data set, the velocity points U(y) in

real units are normalized into wall units u+(y+) by selecting

the value of friction velocity us and wall location y0 that

best fit the normalized data against the model profile (i.e.

either Spalding or Musker profile). This process is illus-

trated graphically in Fig. 2 for a particular measured data

set (Österlund data set SW981005A, Reh = 12,633). In this

case, y0 was set to zero since the Österlund database is

already referenced to the actual wall location. Figure 2

shows the normalized data in wall units for different iter-

ations on the guess for the friction velocity until the

normalized data collapse onto the Musker profile. The

iteration sequence was us = 0.5, 1.0, 0.71, 0.79, and

0.75 m/s. For reference, the directly measured value of

friction velocity was us & 0.749 m/s for this case, illus-

trating this procedure can provide a highly accurate

estimate of wall shear. It can be noted in this figure that an

error in the us estimate by much less than 5% is very easily

discernible to even simple visual inspection. It is also clear

that the same procedure would work very well with very

few data points on the profile, even with one single mea-

surement point.

The process just described can, of course, be automated

by minimizing the difference between the normalized

measured data and the model profile using a least squares

procedure. Two different residual functions defining this

difference were considered as defined below.

U1 ¼
1

N

X

N

i¼0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

uþi datað Þ � uþi modelð Þð Þ2

q

ð4Þ

Fig. 1 Comparison of Musker and Spalding profiles (j = 0.41,

B = 5) with two profiles from the Österlund data set (SW981005A,

Reh = 12,633; SW981129J, Reh = 10,162)

Fig. 2 Illustration showing the iterative determination of friction

velocity from a measured profile (Österlund data set SW981005A,

Reh = 12,633)
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U2 ¼
1

N

X

N

i¼0

uþi datað Þ � uþi modelð Þj j
uþi modelð Þ : ð5Þ

In these expressions, ui
+(data) corresponds to the N

measured velocity points in wall units located at yi
+ which

are obtained from the measurements in real units using a

guess for the value of us, and ui
+(model) refers to the cor-

responding model velocities (from Spalding or Musker

profile) at those locations. The index i runs from 0 to N

because the point (y0
+ = 0, u0

+ = 0) was added in order to

enforce the no-slip boundary condition. The residual

function U2, which is defined based on a fractional dif-

ference between points on the data and model profiles, was

found to offer an advantage as will be described later.

A two-parameter optimization routine written in MAT-

LAB is used to determine the set of us and y0 values that

minimize the residual function for each of the measured

profiles in the data sets of Österlund flat-plate boundary

layer data and McKeon et al. superpipe data. The measured

data are provided in real units, along with an initial user-

specified search domain in the two-parameter space. The

search domain is iteratively refined until us and y0 converge

to within a user-defined tolerance level. In the results

presented here, the tolerance levels were selected to be

0.0001 m/s for us (better than 0.05% for all cases) and

10 lm for y0 for cases where wall location was considered

variable. Figure 3 shows an example of a shaded contour

map of the residual function obtained with this process for

one particular data set. Note that it is a smooth surface with

a well-defined global minimum corresponding to the values

of us and y0 that provide the best fit to the model profile.

We further note that the residual function is less sensitive

to y0 variation than to us (note the abscissa is logarithmic).

Thus, convergence in y0 is generally slower than that in us.

For each data set, the accuracy of the estimated friction

velocity us(estimated) from the optimization routine is

evaluated by its comparison with the actual measured value

us(measured). The resulting percentage error defined by

dus = [us(estimated) - us(measured)]/us(measured) pro-

vides an ensemble of performance data composed of 70

samples corresponding to the 70 velocity profiles in the

Österlund database, and 19 samples for the McKeon et al.

superpipe data. The mean and rms errors calculated from

this ensemble form the basis of our discussion in the next

section.

3 Results and discussion

3.1 Friction factor estimate based on full profile data

We will first consider the situation where all the data from

a measured velocity profile are available for estimating the

friction velocity. One parameter that needs to be selected is

the largest y+ value, ymax
+ , that should be used in the opti-

mization process (i.e. only data points with yi
+ B ymax

+ will

be included in the optimization.). This parameter affords

one the choice to exclude the portion of the data that might

fall in the wake part of the profile. Note that us is not

known prior to optimization; therefore, we estimate the

optimum us across a range of ymax
+ values and then sort out

the results afterwards for presentation.

Figure 4 depicts an example of the histogram of error in

the friction factor estimate, dus, for all 70 Österlund data

sets based on the fit to the Musker profile and the ymax
+ cutoff

set to ymax
+ = 500. As before, y0 was set to zero since the

Österlund database is already referenced to the actual wall

location. The important result is that all the errors are quite

Fig. 3 Shaded contour map of the log of residual U1 versus us and y0

for the fit of a measured profile (Österlund data set SW981005A,

Reh = 12,633) to Musker profile
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Fig. 4 Histogram of % error in friction velocity for all Österlund data

sets using the Musker profile and U2 (y0 fixed at zero, ymax
+ = 500)
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low and fall between -1.5 and 1.75% regardless of the Reh

value of the data. The estimation of friction velocity in this

case has a mean error of about -0.25% and an rms error of

about 0.75%.

We now compare the performance of the two-model

profiles of Musker and Spalding as a function of the

ymax
+ cutoff selected in the optimization. Results are pre-

sented in Fig. 5 in terms of the mean and rms error in the

estimated friction velocity. For this comparison, the residual

function U1 was used and y0 was set to zero. We note that the

Musker profile generally produces a lower mean error

overall and is significantly better in the range

20 B ymax
+ B 100. This range of y+ values corresponds to the

transition region between the linear sublayer and the log-

linear region. It was already noted in Fig. 1 that Musker

profile fits the data more closely in this region than Spalding

profile. Because of this better performance, Musker profile is

used to obtain the results presented from here on. We note

the remarkable accuracy with which the friction factor is

estimated over a large range of ymax
+ cutoff values, with

a mean error that is better than 0.5% in friction velocity

(or 1% for shear stress).

Figure 5 also illustrates that the mean and rms errors

start to increase noticeably at large values of ymax
+ cutoff, an

effect that is caused by the increased number of profiles in

the data set that have data points that fall in the wake

component of the boundary layer profile. We note that the

outer limit of the log region and the start of the wake

component move to higher y+ values with increasing

Reynolds number, resulting in higher values of ymax
+ cutoff

becoming effective as Reynolds number increases. Since

the deviation of the wake component data points from the

model profiles evaluated here leads to residuals that start to

become very large in magnitude at large values of

ymax
+ cutoff (results not shown here), an automated proce-

dure can be devised based on the sudden rise of the residual

function to limit the ymax
+ cutoff value for accurate estimate

of wall shear. Another approach would be to extend the

model profile to include the wake component. A third

alternative would be to consider another form of residual

function that reduces the sensitivity to the wake component

data. The latter alternative is evaluated below.

The detrimental influence of the portion of data within

the wake component can be reduced by defining a different

residual function U2 that is based on the fractional differ-

ence between points on the data and model profiles (see

Equation 5). Results based on the minimization of U2 are

shown in Fig. 6 in comparison with those based on the

original U1. It can be seen that the effect of the velocity

measurements at large values of y+ is significantly reduced

with a net effect that the friction factor can now be esti-

mated more accurately over a much larger range of

ymax
+ cutoff values, even after the wake component starts to

deviate from the logarithmic region. Note, for example, the

noticeable reduction in both the mean and rms errors at the

highest value of ymax
+ cutoff shown in Fig. 6. The important

observation is that wall shear can be estimated very accu-

rately from mean velocity measurements over a large rage

of ymax
+ cutoff values with a mean error that is better than

0.5% in friction velocity (or 1% for shear stress), an

accuracy comparable to that from direct measurements of

wall shear stress.

In all the results discussed so far y0 was fixed at zero

since the Österlund database is already referenced to the

actual wall location (known to ±5 lm). The ability of the

optimization routine to recover non-zero wall locations was

Fig. 5 Comparison of the performance of Musker and Spalding

profiles based on the mean and rms of % error in friction velocity for

Österlund data (y0 fixed at zero, residual function U1)

Fig. 6 Comparison of the performance of different residual functions

U1 and U2 based on the mean and rms of % error in friction velocity

for Österlund data (Musker profile, y0 fixed at zero)

Exp Fluids (2008) 44:773–780 777

123



tested by deliberately offsetting several of the Österlund

data sets in the y direction by 40 lm. The optimization

routine recovered this offset to an accuracy of approxi-

mately ±2 lm in the range 100 \ ymax
+ \ 1000 (in this

case, the tolerance for determining y0 was lowered to

1 lm). The optimization routine was performed a second

time on the entire Österlund database, allowing for (pos-

sible) non-zero y0 in the reported data. The mean wall

location that was recovered was within the ±5 lm reported

accuracy of the actual wall location. Allowing for the

possibility of a non-zero wall location in the search routine

had only a minor influence on the estimated values of

friction factor (about 0.25%).

The performance of the new method was also assessed

for estimating wall shear in turbulent boundary layers with

non-zero pressure gradient by utilizing the favorable

pressure gradient superpipe boundary layer data of

McKeon et al. (2004). Results (see Fig. 7) confirm that the

method is equally effective in this case as well and the wall

shear can be estimated very accurately over a large rage of

ymax
+ cutoff values. Note in this figure that the range

of ymax
+ cutoff values has increased by about an order of

magnitude compared to Fig. 6 as a result of the higher

Reynolds number of the superpipe data and favorable

pressure gradient. It should also be noted that the number

of superpipe profiles that contain velocity data at the lower

range of y+ values is less than the total sample size of 19,

reducing the actual sample size for calculating the results

for lower values of ymax
+ in Fig. 7. For example, the sample

size was 7 (out of the possible 19) for the lowest ymax
+ value

depicted in Fig. 7 and continuously increases to 19 at

ymax
+ = 2000.

3.2 Friction factor estimate based on sparse data

(1-, 2-, and 3-point data)

We now discuss the accuracy of friction velocity estimates

based on very sparse data. In particular, we are interested in

the case where there is only one mean velocity data point

measured at an arbitrary location close to the wall. For

example, this would be the case for the optical probe

described in AIAA Paper Nos. AIAA-2003–0742 and

AIAA-2001–2982 by Fourguette et al., which is designed

to obtain single-point velocity data at about 70 lm away

from the wall.

Single-point data were extracted from the Österlund data

set in the following manner. A nominal y location was first

chosen in real units (e.g. y = 50, 75, 100 lm, etc.) to

correspond to the location of a hypothetical measurement

probe. Since the measured data sets do not necessarily

contain data at these exact locations, instead of interpo-

lating the data, we chose to select the nearest actual data

points to these nominal locations. The criterion used was

that if there were no data points within 10% of the nominal

y locations, that data set was excluded from the analysis.

The spatial density of data in the Österlund database is high

enough that only a few cases were excluded from this

analysis. The exception was the lowest location y = 50 lm,

for which less than half of the data sets were actually used.

The maximum probe location selected was arbitrarily set at

y = 7000 lm (i.e. 7 mm) which is significantly higher than

the typical location of a near-wall probe.

The motivation for also evaluating a sparse multi-point

data scenario derives from the observation that results

based on single-point near-wall data are directly affected

by the accuracy of both the velocity measurement and the

actual location of the measurement relative to the wall.

Two-point data is the minimum requirement for deter-

mining both friction velocity and wall location y0

independently. Additional velocity data can further reduce

the sensitivity of the estimated wall friction on the accu-

racy of a single near-wall data point. In this work, we

consider two- and three-point data scenarios. In these

cases, the first data point was at location y indicated earlier

for the single-point case and the locations of the additional

velocity data were arbitrarily selected to be at y2 = 2y and

y3 = 3y, simulating a hypothetical two- or three-probe

measurement device. As before, instead of interpolating the

Österlund data we chose to select the nearest data points to

these nominal locations using the same criterion described

earlier. In the multi-point analysis, the maximum location

of the first probe was selected such that the maximum

location of the point farthest away from the wall stayed

below an arbitrarily-selected large value (8 mm for 2-point

and about 5 mm for 3-point data).

Fig. 7 Mean and rms % error in friction velocity for the McKeon

et al. superpipe data (Musker profile, y0 fixed at zero, residual

function U2)
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Figure 8 shows the mean % error in the friction

velocity estimated based on sparse data. Note that the %

error is plotted here on an expanded scale compared to

previous plots and, for multi-point cases, the y location in

this figure refers to the location of the first data point

closest to the wall. The most important conclusion from

Fig. 8 is that we can obtain a highly accurate estimate of

friction velocity with only a single data point. The cor-

responding values of mean error are comparable to those

obtained earlier based on the full-profile data. As expec-

ted, adding second and third velocity points helps further

improve the mean error primarily for the case closest to

the wall. In all cases, the rms error was about 1.5% (not

shown in this figure). The single-point results in Fig. 8

show the largest error (though, still a very low value) at

the lowest probe location of y = 50 lm. We attribute this

to the accuracy of the hot-wire velocity data that close to

the wall and also the accuracy in knowing the actual wall

location. We find it remarkable that a single velocity data

point that is not necessarily very close to the wall, nor in

the linear sublayer, is sufficient to obtain an accurate

estimate of wall friction (the highest probe location of

y = 7 mm spans the range 176 B y+ B 1,000 in the 70

profiles of Österlund database). This is perhaps not too

surprising when the velocity data are accurate and the

model profile is an accurate representation of the turbu-

lent boundary layer.

3.3 Influence of boundary layer (j, B) constants

Throughout this work, we have considered a fix set of the

commonly-used boundary layer constants (j = 0.41,

B = 5.0). Over the last several years more refined estimates

of these constants have been reported, (j = 0.38, B = 4.1)

based on zero pressure gradient flat-plate boundary layer

data (Österlund et al. 2000), and (j = 0.42, B = 5.6) based

on superpipe data (McKeon et al. 2004). The approach and

the results we have described here were not intended to

address the question of which set of constants is the best to

use. Considering our results are already producing a highly

accurate estimate of wall shear (e.g. about 0.5% mean error

in friction velocity), we conclude that the use of refined

values of boundary layer constants would not have a

practical consequence for the reported results and would at

best lead to an improvement of about 0.5% in mean error

for estimating the friction velocity. This general observa-

tion was, in fact, confirmed by recalculating the results of

Fig. 6 using the constants (j = 0.38, B = 4.1) instead. This

observation also suggests that the estimate of wall shear

based on the method we have described here is much less

sensitive to the choice of the von Kármán constant j than

the Clauser method.

4 Conclusions

We have presented a simple approach for estimating the

wall friction in a turbulent boundary layer. The method

utilizes the fit of the measured velocity data to a boundary

layer model profile that extends the logarithmic profile all

the way to the wall. A particular advantage of this method

is that it can be used with velocity data that do not nec-

essarily fall in the logarithmic region nor in the linear

sublayer. As a result, the procedure can be easily auto-

mated without user intervention. Based on the tested data

sets in zero pressure gradient and favorable pressure gra-

dient boundary layers, we have shown that the new

procedure can provide highly accurate estimates of the wall

shear with a mean error of about 0.5% in friction velocity,

or 1% in shear stress. This accuracy is shown to hold not

only when many data points in a velocity profile are uti-

lized, but also with very sparse measurements including

only a single data point such as that originating from a

near-wall probe. These results illustrate that it is possible to

estimate based on mean velocity data the turbulent

boundary layer wall friction with an accuracy comparable

to that from independent direct measurements of wall-shear

stress.

It is clear that the success of the approach we have

presented relies on using a model profile that provides a

sufficiently accurate representation of the turbulent

boundary layer mean velocity profile. Between the two

model profiles tested, the Musker profile performed much

better than the Spalding profile. More refined model

Fig. 8 Mean % error in friction velocity estimated from sparse data

points selected from Österlund data (Musker profile, y0 fixed at zero).

Note that y locations are in physical units and % error is shown on an

expanded scale. For multi-point cases, the location of the points are

(y, 2y) and (y, 2y, 3y)
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profiles based on experimental data or DNS computations

may lead to improvements over the results presented. In

addition, as noted previously, the model profiles we have

tested do not include the wake component of the full

boundary layer profile, but can certainly be extended to

incorporate appropriate models of the boundary layer

wake component and this will extend the applicability of

our approach to larger range of ymax
+ values. The perfor-

mance of such extended models has recently been

presented, along with information on Reynolds number

effects and choice of boundary layer constants (j, B)

(Chauhan et al. 2007). We note, however, that considering

our results are already producing a highly accurate esti-

mate of wall shear, we expect further refinements of the

boundary layer model profile would have little influence

on the reported results and would at best lead to an

improvement of order 1% in the mean error for estimating

the wall friction.

The approach we have presented here is expected to be

useful for the estimation of wall friction in any turbulent

boundary layer in which the profile in wall units collapses

onto a common universal curve, which can be represented

by a model profile with adequate accuracy. We may expect

this includes turbulent boundary layers under favorable

pressure gradient and those in adverse pressure gradient

that are not too close to the separation point. It would be

interesting to test the method presented here on turbulent

boundary layers over a wide range of pressure gradients,

both positive and negative, and different surface geome-

tries in order to assess its range of usefulness. We note that

the optimization procedure allows for independent deter-

mination of an uncertain wall location and it may be

possible to use this procedure to also provide estimates of

wall roughness.
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