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Two independent experimental investigations of the behavior of turbulent boundary layers with
increasing Reynolds number were recently completed. The experiments were performed in two
facilities, the Minimum Turbulence LeveéMTL) wind tunnel at Royal Institute of Technology
(KTH) and the National Diagnostic FacilifNDF) wind tunnel at lllinois Institute of Technology

(IIT). Both experiments utilized oil-film interferometry to obtain an independent measure of the
wall-shear stress. A collaborative study by the principals of the two experiments, aimed at
understanding the characteristics of the overlap region between the inner and outer parts of the
boundary layer, has just been completed. The results are summarized here, utilizing the profiles of
the mean velocity, for Reynolds numbers based on the momentum thickness ranging from 2500 to
27 000. Contrary to the conclusions of some earlier publications, careful analysis of the data reveals
no significant Reynolds number dependence for the parameters describing the overlap region using
the classical logarithmic relation. However, the data analysis demonstrates that the viscous influence
extends within the buffer region tg* ~200, compared to the previously assumed limityof

~50. Therefore, the lowest R@alue where a significant logarithmic overlap region exists is about
6000. This probably explains why a Reynolds number dependence had been found from the data
analysis of many previous experiments. The parameters of the logarithmic overlap region are found
to be constant and are estimated tox3e0.38,B=4.1 andB;=3.6 (6= dg5). © 2000 American
Institute of Physicg.S1070-663(00)01901-3

In the classical theory, the overall description of a tur- 1
bulent boundary layer is dependent on two separate innerand U =;In(y+) +B, 3
outer length scales. The outer length scale is commonly
taken as the thickness of the boundary lageand the inner and in outer variables
length scale as the viscous length=wv/u,, where u, —

; - . . ST U,—u 1

7w/ p is the friction velocity,r,, is the skin friction angh =——In(7)+B;. (4
is the density of the air. Dimensional analysis of the dynamic us K
equations with boundary conditions leads to a scaling of th@y combining Eqs(3) and (4) one obtains the logarithmic
mean velocity profile in the inner and the outer parts of theskin friction law
boundary layer in the form:

U, 1 ,
- :E:f(y ;s y+:yu7 " uT:;m +B+B;. (5)
Ur Recently, due primarily to inconsistencies with trends of ex-
U,—U y per_imental data, seyeral researchers have investigated alter-
0 Fln: n=% (2)  natives to the classical theoty’

Based on extensive data from two independent experi-
At sufficiently large Reynolds numbers, it is assumed thaments, this investigation targets three main issues related to
there is a region of overlap;/u,<y< 4, where the law of the overlap region between the inner and outer parts of tur-
the wall (1) and the defect law(2) simultaneously hold. bulent boundary layers under zero pressure gradient: the
Matching the relationg(1) and(2) gives one of the classical functional form of the overlap, the extent of the overlap and
results in turbulence theory, i.e., the logarithmic overlap re-any Reynolds number dependence that may exist in the over-
gion: in inner variables, lap parameters.
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FIG. 1. Skin-friction coefficient using the oil-flm and near-wall methods part of the profiles in whichy<0.15 was used and the horizontal line
(Ref. 9 shown Wlth best-fit logarithmic friction laws from Ed6) and corresponds ta=0.38.
Fernholz correlatiorfRef. 10.
was utilized. In a logarithmic region of the profil&s is
The experiments were carried out in the MTL wind constant and equal te. The value ofZ was calculated by
tunnef at the department of mechanics, KTH, and the NDFtaking an average of the individual profiles at a constant wall
wind tunnel at IT. At KTH a 7 mlong flat plate was distance in inner scaling while omitting the part of the pro-
mounted in the test section of the MTL wind tunnel. Mea-files wheren>M,. Similarly, the profiles were again aver-
surements of the turbulent boundary layer were performed aiged at constant outer-scaled distances from the wall for
five different streamwise stations=1.5,2.5,3.5,4.5, and 5.5 y*>M,. The parametersl; andM, are the inner and outer
m for ten different speeds. At IlTa 9 mlong and 0.457 m limits of the overlap region. In Figs. 2 and 3, tEe values
diameter cylinder was mounted in the test section of theaveraged over all Reynolds numbers for the KTH data are
NDF tunnel®’ Measurements were takenat= 1.84, 3.65, shown together with error bars representing a 95% confi-
7.33 m using five free-stream velocities. In both experimentsgence interval. A region where a nearly const&htvery
the measurement of the velocity profiles was done using hotaccurately represents the data is evident in both figures. This
wire techniques, the skin friction was measured using oil-clearly supports the existence of a logarithmic overlap region
film interferometry, and the Reynolds numbers based on thaithin the appropriate range of the parametersand M, .
momentum thickness ranged from 2500 to 27 000. The choice of the appropriate limits was subsequently se-
The skin friction was measured independently of the vedected based on thg values where the error bar deviates
locity measurements using oil-film interferometry in a setupsignificantly from the horizontal line in the figures. This was
similar to Fernholzet al.? (see Fig. 1 The reproducibility ~based on an iteration of the limits until a consistent result
of c; obtained with this technique was1%. A fittoc; by  was obtained. The resulting values for the inner and outer

a variant of the logarithmic skin friction la\b), namely, limits areM;~200 andM ,~0.15, respectively. Taking as
5 the average value within the determined limits gives af
1 _
=2 ;In(Reg)wLC , ©6) about 0.38.
05

was made and the friction velocity used in scaling the data
was calculated asi,=U..(c¢/2)*2 The value of the von
Karman constant determined in this way was=0.384 and
additive constaniC=4.08. However, it is not possible to
determine the additive constarBsandB, by this method. In =
Fig. 1, the results from the oil-film measurements, together
with the values of the skin friction determined from the mean
velocity by the near-wall technigtieare shown together with
the calculated best fits using E@). The determined loga-
rithmic skin friction laws agree very well with each other and
also with the correlation developed by Fernhtilz.

In order to investigate the scaling in the overlap, a nor- 0.15 -
malized slope of the mean velocity profile, n

045F- -+ -t DLl

I

dU+ -1 FIG. 3. Normalized slope of mean profil€, as function ofy; only the part
+
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sponds tox=0.38.

(7) of the profiles in whichy*>200 was used and the horizontal line corre-
dy”
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FIG. 4. Deviation from the logarithmic function using=0.38; the hori-
zontal line corresponds ®=4.1, and only the part of the profiles in which
7<0.15 was used.

Next, the additive consta® was investigated by look-
ing at the deviation of the mean velocity from the log func-
tion with the aid of the variabl&d’, where

— 1
v=U"—=Iny". (8
K
The variableV is also constant in a region governed by a
logarithmic law. The average of the valueBfat a constant
wall distance is taken for all Reynolds numbers while omit-

ting the part of the profile wherg>M,. In Fig. 4,V av-
eraged over all Reynolds numbers for the KTH data is show

with error bars corresponding to a 95% confidence interval

A constant value is found over a wide rangeyifi, again
indicating a log layer. Calculating the averageWwfwithin
the proposed limitsM; and M,, gives B=4.1. A slight
under-shoot can be seen arount= 200; this was found to
be caused by a slight Reynolds number variatio @fi the

lower part of the range. Using only Reynolds numbers above

8—10x 10° eliminates the small under-shoot.
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FIG. 5. The von Kanan constant determined by a least-squares fit, with the
outer limit fixed at»=0.15 and the inner limit a¥1; ; O: KTH, M;=50. @:
KTH, M;=200. Dashed line: KTH, linear fitM;=50. Solid line: KTH,
linear fit, M;=200. O: IIT, M;=50. B: IIT, M;=200. Dotted line: IIT,
linear fit, M;=50. Dash dotted line: IIT, linear fityl;=200.
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FIG. 6. The power-law diagnostic functidiy only the part of the profiles in
which 7<0.15 was used.

In addition to using the above described method to de-
termine the log-law constants, we used the traditional proce-
dure to determing andB by performing a least-squares type
of fit to the mean velocity profiles. In Fig. % was calcu-
lated by fitting a log-law relation for each profile using the
following traditional limits of the fit: M;=50 and M,
=0.15. The process was also repeated with the newly estab-
lished limits of M; =200 andM,=0.15. The value ok ob-
tained when using the traditional limits varies with Reynolds
number and gives about the commonly used value of 0.41 at
low Reynolds numbers. Using the new limits, which are

jnore representative of the logarithmic law, again yields a

value of k~0.38 independent of Reynolds number.
" To investigate the existence of a power law as proposed
recently by several authofs,the following diagnostic func-
tion averaged for the KTH data is shown in Fig. 6:
+ +

-y 49

u* dy*
The functionI” should be a constant in a region governed by
a power law. However, no region of constdhts depicted in
Fig. 6, in particular when compared to Figs. 2 and 3. This
clearly indicates that a power-law relation is less representa-
tive of the entire region of overlap betweéfy andM,, .

Therefore, based on analysis of data from two recent
experimental investigations it can be concluded that a loga-
rithmic overlap region, between the inner and outer parts of
the mean velocity profiles, exists for Re6,000. Establish-
ing, based on the analysis of the data, an inner limit of the
region at abouy* =200 and an outer limit a=0.15 dem-
onstrated the validity of the logarithmic relation witk
=0.38,B=4.1 andB;=3.6 (6= dg5). The data will be made
available in electronic formhttp://www.mech.kth.sgjfens/
zpg).
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