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Abstract

This thesis deals with the problem of high Reynolds number zero pressure-
gradient turbulent boundary layers in an incompressible flow without any ef-
fects of heat-transfer. The zero-pressure gradient turbulent boundary layer is
one of the canonical shear flows important in many applications and of large
theoretical interest. The investigation was carried out through an experimental
study in the MTL wind-tunnel at KTH, where the fluctuating velocity com-
ponents and the fluctuating wall-shear stress in a turbulent boundary layer
were measured using hot-wire and hot-film anemometry. Attempts were made
to answer some basic and “classical” questions concerning turbulent boundary
boundary layers.

The classical two layer theory was confirmed and constant values of the
slope of the logarithmic overlap region (i.e. the von Kármán constant) and the
additive constants were found and estimated to κ = 0.38, B = 4.1 and B1 = 3.6
(δ = δ95). The inner limit of overlap region was found to scale on the viscous
length scale (ν/uτ) and was estimated to be y+ = 200, i.e. considerably further
out compared to previous knowledge. The outer limit of the overlap region was
found to scale on the outer length scale and was estimated to be y/δ = 0.15.
This also means that a universal overlap region only can exist for Reynolds
numbers of at least Reθ ≈ 6000. The values of the newly determined limits
explain the Reynolds number variation found in some earlier experiments.

Measurements of the fluctuating wall-shear stress using the hot-wire-on-
the-wall technique and a MEMS hot-film sensor show that the turbulence in-
tensity τr.m.s./τw is close to 0.41 at Reθ ≈ 9800.

A numerical and experimental investigation of the behavior of double wire
probes were carried out and showed that the Péclet number based on wire
separation should be larger than about 50 to ensure an acceptably low level of
thermal interaction.

Results are presented for two-point correlations between the wall-shear
stress and the streamwise velocity component for separations in both the wall-
normal-streamwise plane and the wall-normal-spanwise plane. Turbulence pro-
ducing events are further investigated using conditional averaging of isolated
shear-layer events. Comparisons are made with results from other experiments
and numerical simulations.

Descriptors: Fluid mechanics, turbulence, boundary layers, high Reynolds
number, zero-pressure gradient, hot-wire, hot-film anemometry, oil-film inter-
ferometry, structures, streak spacing, micro-electro-mechanical-systems.
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CHAPTER 1

Introduction

Whenever a fluid flows over a solid body, such as the hull of a ship or an aircraft,
frictional forces retard the motion of the fluid in a thin layer close to the solid
body. The development of this layer is a major contributor to flow resistance
and is of great importance in many engineering problems.

The concept of a boundary layer is due to Prandtl (1904) who showed that
effects of friction within the fluid (viscosity) are present only in a very thin layer
close to the surface. If the flow velocity is high enough the flow in this layer
will eventually become unordered, swirling and chaotic or simply described as
being turbulent. The transition from laminar to turbulent flow state was first
investigated by Reynolds (1883) who made experiments on the flow of water in
glass tubes visualizing the flow state using ink as a passive marker. He found
that the flow state was determined solely by a non-dimensional parameter that
is since then called the Reynolds number. The Reynolds number is a measure
of the ratio between inertial and viscous forces in the flow, i.e. a high Reynolds
number flow is dominated by inertial forces.

The motion of a fluid is governed by the Navier-Stokes equations, named
after Navier and Stokes who first formulated them in 1845. The Navier-Stokes
equations are nonlinear and time dependent partial differential equations and
only a few analytical solutions exist for simple flows. No analytical solutions
exist for turbulent flows and to solve the equations for turbulent flows one has
to do numerical simulations. The computational effort increases rapidly with
increasing Reynolds number and for most practical engineering flow cases it
is not possible to solve the full problem numerically even with todays most
powerful super-computers. Therefore, one usually makes a simplification of
the problem by splitting the velocity field into a mean and a fluctuating part,
as first done by Reynolds (1895), and averaging the equations over time. The
resulting statistical description is the Reynolds averaged equations. This new
set of equations is not closed, new terms appears in the averaging process
and they need to be modeled. The statistical quantities needed in models can
be determined from simple low Reynolds number flows using direct numerical
simulations (DNS) or from experiments.

The Reynolds number in typical engineering applications with boundary
layer flow are often several orders of magnitude larger than what is possible

1
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Figure 1.1. Typical Reynolds number in applications and
attainable in lab facilities and simulations.

to achieve in direct numerical simulations or even compared to what is achiev-
able in most experiments, see figure 1.1. Therefore, there is a gap in Reynolds
number between practical applications and the experiments which form the
basis for our knowledge of turbulence and turbulence modeling. Experiments
at high Reynolds number is therefore of primary importance to reveal Rey-
nolds number trends that might have a large influence in many fluid dynamic
applications.

In the present study experiments on turbulent boundary layer flow with
zero-pressure-gradient have been performed using hot-wire and hot-film mea-
surement techniques. The goal was to extend the current knowledge of tur-
bulent flows into high Reynolds number regime and to generate a database
available to the research community.



CHAPTER 2

Basic concepts

y

z x

U

δU

Figure 2.1. Turbulent boundary layer with thickness δ and
free-stream velocity U∞ (vertical scale greatly expanded).

We here consider a turbulent flow in the immediate vicinity of a wall gen-
erated by the uniform flow of a free-stream (with the velocity U∞) of a viscous
incompressible fluid. The origin of the co-ordinate axes is placed at the leading
edge of the wall. The x-axis is oriented in the streamwise direction, the y-
axis in the wall normal direction and the z-axis in the direction parallel to the
leading edge, see figure 2.1. The wall is considered to be infinitely wide in the
spanwise (z) direction and infinitely long in the streamwise (x) direction. The
flow conditions in the spanwise direction are uniform, in the statistical sense,
with respect to the z-axis.

The flow is governed by the incompressible Navier-Stokes equations and
the continuity equation, which are given by

∂Ui

∂t
+ Uj

∂Ui

∂xj
= −1

ρ

∂P

∂xi
+ ν

∂2Ui

∂x2j
(2.1)

∂Ui

∂xi
= 0 (2.2)

where Ui is the velocity vector, P is the pressure, and ρ and ν are the den-
sity and kinematic viscosity of the fluid. Summation is implied over repeated
indices.

In the turbulent boundary layer the velocity components fluctuate ran-
domly with respect to time and space around a mean value. This leads naturally
to the Reynolds decomposition of the velocity into a mean and a fluctuating

3



4 2. BASIC CONCEPTS

part. The velocity components for, the zero pressure-gradient boundary layer,
in the different co-ordinate directions can thus be introduced, in the streamwise
direction

U(x, y, z, t) = U(x, y) + u(x, y, z, t), (2.3)

in the wall normal direction

V (x, y, z, t) = V (x, y) + v(x, y, z, t), (2.4)

and in the spanwise direction

W (x, y, z, t) = w(x, y, z, t), (2.5)

where the mean values are designated by an overbar and the fluctuating part
by small letters. The same kind of decomposition is also used for the pressure

P (x, y, z, t) = P (y) + p(x, y, z, t) (2.6)

where the x dependence for P disappears by definition of the problem.
For statistically steady turbulence averaging can be done either in the

homogeneous z direction or as a time average. In the present case the averaged
value of a quantity is simply defined by

Q(x, y) = lim
T→∞

1
T

∫ T

0

Q(x, y, z, t′)dt′ (2.7)

where the z dependence disappears because it is a homogeneous direction.

2.1. Boundary layer equations

Equations for the flow in the boundary layer are derived by insertion of the
Reynolds decomposition (2.3–2.5) into the Navier-Stokes equations 2.1 and
subsequent averaging yield the Reynolds averaged equations and the mean
continuity equation. 1 With the standard boundary layer approximations of
negligible streamwise diffusion and constant pressure through the boundary
layer we obtain

U
∂U

∂x
+ V

∂U

∂y
=

∂

∂y

(
−uv + ν

∂U

∂y

)
(2.8)

∂U

∂x
+
∂V

∂y
= 0. (2.9)

The corresponding boundary conditions are

U(x, y = 0) = V (x, y = 0) = 0, (2.10)

U(x, y →∞) = U∞. (2.11)

This set of equations are indeterminate since there are more unknowns than
equations. This is known as the closure problem and additional relations or

1The analysis below was worked out jointly with prof. A. Johansson



2.3. OUTER REGION 5

hypotheses concerning the Reynolds stress −uv is needed to close this set of
equations.

Full similarity of the mean velocity profile, like the solutions for a laminar
boundary layer, does not exist for the turbulent boundary layer. Instead, we
seek similarity solutions for the velocity profiles in the inner and outer regions
of the boundary layer separately.

In the works of von Kármán (1921, 1930), Prandtl (1927, 1932) and Mil-
likan (1938) we find the classical theories for the turbulent boundary layer.
Discussions of the classical theories can be found in Hinze (1975), Tennekes &
Lumely (1972), Schlichting (1979) and Landahl & Mollo-Christensen (1987).
There exists numerous refinements and competing theories in the literature and
the works of Coles (1956, 1962), Clauser (1956) Barenblatt (1993); Barenblatt
& Prostokishin (1993); Barenblatt & Chorin (1999), George et al. (1997), Rotta
(1950, 1962) and Zagarola et al. (1997); Zagarola & Smits (1998b,a), may be
consulted.

2.2. Inner region

The inner layer was first treated in the classical work by Prandtl (1932). We
define the governing length scale to be l∗ = ν/uτ , where u2τ = τw/ρ, τw is the
wall shear stress, and derive a normalized wall distance y+ = y/l∗ = yuτ/ν .
We assume outer geometrical restrictions (i.e. the outer length scale) to be of
negligible influence sufficiently close to the wall, and assume the velocity and
Reynolds shear stress profiles to be universal functions of y+

U

uτ
= f(y+) (2.12)

and

−uv
u2τ

= g(y+). (2.13)

It is easily seen that the leading order balance obtained from the boundary
layer equations 2.8 is given by

0 = f ′′ + g′, (2.14)

which can be integrated once

f ′(y+) = −g(y+) + f ′(0) = −g(y+) + 1 (2.15)

which is seen to be compatible with the ‘law-of-the-wall’ assumptions 2.12 and
2.13.

2.3. Outer region

For the outer layer description we define a governing length scale ∆, where ∆
is some measure of the boundary layer thickness. A normalized wall distance
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can be formed as η = y/∆. Assume that we can expand the normalized mean
velocity in a straight forward asymptotic expansion

U

U∞
= F (η, Re∗) ∼ F0(η) + ε1(Re∗)F1(η) + ε2(Re∗)F2(η) + . . . (2.16)

where Fi are of order unity and εi are gauge functions such that εn+1 = o(εn),
see e.g. Hinch (1991). The gauge functions are assumed to approach zero as
the Reynolds number Re∗ tends to infinity. Also assume

−uv
u2τ

= G0(η) + h.o.t. (2.17)

If the velocity scale for the normalization of the Reynolds shear stress is left
open, or chosen as different from uτ (see George et al. 1997) consistency would
require that the ratio uτ/U∞ has to be assumed to approach a constant at
infinite Reynolds numbers.

2.4. Overlap region

For (infinitely) large Reynolds numbers the description (2.12,2.13) for y+ →∞
should coincide with that given by (2.16,2.17) for η → 0. This is the classical
two-layer hypothesis of Millikan (1938). Hence, for large enough Reynolds
numbers there should be an overlap region

l∗ 
 y 
 ∆ (2.18)

where both descriptions are valid simultaneously. The matching of the Rey-
nolds shear stress simply gives that g and G0 should be constant (and equal)
in the overlap region.

In the classical approach for the matching of the velocity we first construct
the normalized velocity gradient

y

uτ

∂U

∂y
. (2.19)

This non-dimensional measure should be the same in the outer and the inner
layer description in the overlap region, i.e.

y

uτ

∂U

∂y
= y+f ′(y+) =

U∞
uτ

ηF ′
0(η) + ε1

U∞
uτ

ηF ′
1(η) = const. (2.20)

From this approach we get the overlap velocity distribution given by

y+f ′(y+) = const =
1
κ

(2.21)

resulting in the log-law

f =
1
κ

ln y+ + B (2.22)
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and for both sides of (2.20) to be of the same order of magnitude we get

F ′
0 = 0 ⇒ F0 = const(= 1) (2.23)

and

ε1 =
uτ
U∞

(2.24)

which introduced in (2.20) gives

ηF ′
1 = const =

1
κ

(2.25)

⇒ F1 =
1
κ

lnη −B1 (2.26)

or equivalently

U∞ − U

uτ
= − 1

κ
lnη +B1. (2.27)

The log-law (2.22) together with the matching of the shear stress is indeed
compatible with the integrated form of the boundary layer equation in ‘inner
similarity form’, i.e. eq.(2.15), as y+ → ∞ (g → 1 as y+ →∞).

2.5. Similarity description of the outer layer

From the above analysis we get the outer layer description (with εn = εn1 ) as

U

U∞
= 1 + γF1(η) + γ2F2(η) +O(γ3), (2.28)

where

γ =
uτ
U∞

. (2.29)

Integrating the expression (2.28) from η = 0 to infinity yields

∆ =
δ∗
γ

{
− 1∫ ∞

0
F1dη

+ γ

∫ ∞
0
F2dη(∫∞

0
F1dη

)2 + O(γ2)

}
(2.30)

where we have used the definition of the displacement thickness (and that
η = y/∆). We can here choose the definition of ∆ such that∫ ∞

0

F1dη = −1 (2.31)

which hence gives that

∆ =
δ∗
γ

{
1 + γ

∫ ∞

0

F2dη +O(γ2)
}
. (2.32)

To leading order this is the Clauser-Rotta lengthscale (Rotta 1950; Clauser
1956).
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We wish to reformulate the boundary layer equation in similarity form by
use of the expression (2.28) and the definition of ∆ (eq. 2.32). For this purpose
we need to estimate duτ/dx and d∆/dx. By combining (2.22) with (2.28,2.26)
we obtain the logarithmic friction law

U∞
uτ

=
1
κ

ln
∆uτ
ν

+B +B1 , (2.33)

from which we readily derive
∆
uτ

duτ
dx

/
d∆
dx

= O (γ) . (2.34)

In estimating d∆/dx we first remember that for a zero pressure-gradient tur-
bulent boundary layer we have

dθ

dx
=

(
uτ
U∞

)2

= γ2 (2.35)

where θ is the momentum loss thickness

θ =
∫ ∞

0

U

U∞

(
1− U

U∞

)
dy (2.36)

which by use of (2.28) and (2.32) can be expressed as

θ

δ∗
= 1− γ

∫ ∞

0

F 2
1 dη +O(γ2) (2.37)

Hence the contributions from F2 vanish to order γ in this expression and we
note that the shape factor H12 = δ∗/θ can be expressed as

H12 =
[
1− γ

∫ ∞

0

F 2
1 dη

]−1
+O(γ2) (2.38)

i.e. the shape factor will approach unity (from above) as the Reynolds number
tends to infinity (uτ/U∞ → 0). The relation (2.38) is also consistent with the
variation found for the shape factor (see figure 17 of paper 7). From (2.37) we
obtain by use of (2.34), (2.35)

dδ∗
dx

=
dθ

dx
(1 +O(γ)) = γ2 +O

(
γ3

)
, (2.39)

d∆
dx

=
1
γ

dδ∗
dx

(1 +O(γ)) = γ +O
(
γ2

)
. (2.40)

For the reformulation of the boundary layer equation we need
∂η

∂x
= − η

∆
d∆
dx

= − η

δ∗

(
γ2 +O

(
γ3

))
, (2.41)

∂η

∂y
=

1
∆

=
1
δ∗

(
γ +O

(
γ2

))
. (2.42)
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Introduction of (2.28) into the boundary layer equation (2.8), where the viscous
term may be neglected, and by use of (2.34), (2.41), (2.42) and the continuity
equation we get the leading order balance

−ηF ′
1 = G′

0. (2.43)

The similarity formulation to leading order of the boundary layer equation,
i.e. (2.43) can easily be seen to be consistent with the overlap matching results.
As η→ 0 we can expand G0 as

G0 = C0 +C1η +O(η2). (2.44)

The matching for the Reynolds shear stress gives in combination with equation
(2.15) (since f ′ → 0 as y+ → ∞) that g → 1 as y+ → ∞ and hence that
G0 → 1 as η → 0. Hence, the constant C0 is determined to 1. For the first
order correction for the beginning of the outer region we further get, from
equation (2.43), (since F ′

1 = 1/(κη)) that C1 = −1/κ.
To summarize the above analysis for the outer region we conclude that to

leading order the governing lengthscale is

∆ = δ∗
U∞
uτ

(2.45)

and the normalized wall distance is

η =
y

δ∗

uτ
U∞

. (2.46)

The velocity distribution can now be written as a defect law

U∞ − U
uτ

= −F1(η) +O(γ), (2.47)

where, in the overlap region, F1 is given by (2.26).
It is interesting to note that the logarithmic friction law takes the form

(2.33) which also can be written as
U∞
uτ

=
1
κ

ln
δ∗U∞
ν

+B + B1 (2.48)

which hence is an explicit relation between U∞/uτ and the Reynolds number,
Reδ∗ , for which it also can be written as

cf = 2
[

1
κ

lnReδ∗ + B +B1

]−2
(2.49)

In the following papers an alternative form with Reθ instead of Reδ∗ will be
used, partly to enable comparisons with existing proposals in the literature.



CHAPTER 3

Experiments

3.1. History

Historically, knowledge of the structure of turbulent boundary layers was gained
experimentally from wind-tunnel measurements. Among the early measure-
ments are those carried out by Schultz-Grunow (1940), Ludwieg & Tillman
(1950), Klebanoff (1955) and Smith & Walker (1959). For an extensive survey
of the empirical knowledge of the early data the reader is referred to Coles
(1962) classical paper. In the survey by Fernholz & Finley (1996) more recent
experiments can be found.

Modern computers have recently become fast enough to perform direct
numerical simulations of the Navier-Stokes equations for fully turbulent flows,
although only at low Reynolds number and in simple geometries, see e.g. the
landmark papers by Kim et al. (1987) and Spalart (1988). The first simulation
of a turbulent boundary layer was made by the latter, at Reθ up to 1410. Since
then several boundary layer simulations have been made, also at different of
pressure gradients, see e.g. Skote et al. (1998).

From the large number of experiments performed during the years several
important conclusions can be drawn. First, it is of primary importance to
make very accurate and preferably independent measurements of the wall-shear
stress. Secondly, at high Reynolds number the distance from the probe to the
wall has to be determined with extremely high accuracy (because of the small
viscous length scale). These two goals seem obvious, but was fulfilled only in
a few experiments. In the present experimental set-up a large effort was made
to fulfill these conditions.

3.2. Experimental set-up

The flow field of a zero pressure-gradient turbulent boundary layer was estab-
lished on a seven meter long flat plate mounted in the test section of the MTL
wind-tunnel at KTH. The MTL wind tunnel is of closed-return type designed
with low disturbance level as the primary design goal. A brief description of
the experimental set-up is given below. A more detailed description of the
boundary layer experimental set-up can be found in paper 7. After the test
section the flow passes through diffusers and two 90◦ turns before the fan. A
large fraction of the wind-tunnel return circuit is equipped with noise-absorbing

10
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Figure 3.1. Schematic of the MTL wind tunnel facility at KTH

walls to reduce acoustic noise. The high flow quality of the MTL wind-tunnel
was reported by Johansson (1992). For instance, the streamwise turbulence in-
tensity was found to be less than 0.02%. The air temperature can be controlled
within ±0.05 ◦C, which was very important for this study since the primary
measurement technique was hot-wire/hot-film anemometry, where a constant
air temperature during the measurement is a key issue. The test section has
a cross sectional area of 0.8 m (high) × 1.2 m (wide) and is 7 m long. The
upper and lower walls of the test section can be moved to adjust the pressure
distribution. The maximum variation in mean velocity distribution along the
boundary layer plate was ±0.15%.

The plate is a sandwich construction of aluminum sheet metal and square
tubes in seven sections plus one flap and one nose part, with the dimensions 1.2
m wide and 7 m long excluding the flap. The flap is 1.5 m long and is mounted
in the first diffuser. This arrangement makes it possible to use the first 5.5 m of
the plate for the experiment. One of the plate sections was equipped with two
circular inserts, one for a plexiglas plug where the measurements were carried
out, and one for the traversing system. The traversing system was fixed to
the plate to minimize vibrations and possible deflections. The distance to the
wall from the probe was determined by a high magnification microscope. The
absolute error in the determination of the wall distance was within ±5µm.

The boundary layer was tripped at the beginning of the plate and the two-
dimensionality of the boundary layer was checked by measuring the spanwise
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variation of the wall shear stress τw. The maximum spanwise variation in
friction velocity uτ =

√
τw/ρ was found to be less than ±0.7%.

The ambient conditions were monitored by the measurement computer
during the experiments using an electronic barometer and thermometer (FCO
510 from Furness Ltd., UK). The reference conditions used in the calibration
of the probes were determined using a Prandtl tube in the free-stream directly
above the measurement station. The pressure and temperature were monitored
at all times during the experiments using a differential pressure transducer and
a thermometer connected directly to the measurement computer. The accuracy
of the pressure measurement was 0.25 % and the accuracy of the temperature
measurement was 0.02 ◦C.

Constant temperature hot-wire anemometry was used in all velocity mea-
surements. All hot-wire probes were designed and built at the lab. Three sizes
of single-wire probes were used in the experiments with wire diameters of: 2.5,
1.27 and 0.63 µm and a length to diameter ratio always larger than 200.

The MEMS hot-film used in the wall-shear stress measurements was de-
signed by the MEMS group at UCLA/Caltec (Jiang et al. 1996, 1997; Ho &
Tai 1998). It was flush-mounted with a printed circuit board for electrical con-
nections which in turn was flush-mounted into a Plexiglas plug fitting into the
instrumentation insert of the measurement plate-section. Accurate alignment
of the chip surface and the circuit board and the flat plate was achieved using
a microscope during the mounting of the sensor set-up. The MEMS sensor
chip has four rows of 25 sensors each with a spanwise separation of 300 µm, see
figure 3.7. The length of the hot-film is 150µm and the width 3µm. It is placed
on a 1.2µm thick silicon-nitride diaphragm with dimensions 200µm × 200µm.
Thermal insulation of the hot-film to the substrate is provided by a 2µm deep
vacuum cavity underneath the diaphragm.

The anemometer system (AN1003 from AA lab systems, Israel) had a
built-in signal conditioner and the signals from the anemometer were digitized
using an A/D converter board (A2000 from National Instruments, USA) in
the measurement computer. The A/D converter has 12 bit resolution and four
channels which could be sampled simultaneously at rates up to 1 MHz divided
by the number of channels used. The complete experiment was run from a
program on the measurement computer which controlled the tunnel velocity,
the positioning of probes, digitization of the anemometer signals, monitoring
of the pressures and the temperature.

3.3. Results

Different sets of experiments were run with the set-up described in section 3.2
and are summarized in table 1. Single-wire measurements (SW) were carried
out at 5 different streamwise positions x = {1.5, 2.5, 3.5, 4.5, 5.5} at 10 different
mean velocity settings ranging from 10 to 55 m/s. At the position x = 5.5 m
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Reθ Quantity Pos. (x) Ref.

SW 2500–27300 U 1.5–5.5 paper 1 & 2
XW 6900–22500 U, V 5.5 paper 3
VW 6900–22500 U, W 5.5 paper 3

MEMS-WW 9700 τw 5.5 paper 4
MEMS-MEMS 9700 τw, τw(∆z) 5.5 paper 6
MEMS-SW 1 9700 τw, U(∆x, ∆y) 5.5 paper 6
MEMS-SW 2 9700 τw, U(∆y, ∆z) 5.5 paper 6

Table 1. Overview of the different sets of experiments.

experiments with three different probe sizes were also conducted. An X-probe
was used at the position x = 5.5 m for measurements (XW) of the simultane-
ous streamwise U and wall-normal velocity V components. The simultaneous
streamwise and spanwise W velocity components were measured (VW) using a
V-probe. The MEMS hot-film sensor, with 25 individual hot-films distributed
in the spanwise direction, was utilized to measure the simultaneous skin-friction
in two points at different spanwise separations. The MEMS hot-film sensor was
also used to measure simultaneously the skin-friction and the streamwise ve-
locity separated in either the x-y plane (MEMS-SW 1) or separated in the y-z
plane (MEMS-SW 2).

The mean skin friction was determined using oil-film interferometry and
the near-wall method. The result is shown in figure 3.2. A fit to cf by a variant
of the logarithmic skin friction law, namely

cf = 2
[

1
κ

ln(Reθ) +C

]−2
, (3.50)

was made for each of the data sets. The value of the von Kármán constant
determined in this way was κ = 0.384 and the additive constant was found to
be C = 4.08, see paper 2. The resulting logarithmic skin-friction laws agree
very well with each other and also with the correlation by Fernholz & Finley
(1996).

The large set of single-wire measurements gave a unique possibility to in-
vestigate topics such as the mean velocity scaling laws. In figures 3.3 and
3.4 the mean velocity profiles from single-wire measurements in the Reynolds
number range 2500 < Reθ < 27700 are shown in inner and outer scaling. Also
shown in the figures are the logarithmic laws with the newly determined values
of the log-law constants κ = 0.38, B = 4.1 and B1 = 3.6 (paper 1).

The scaling law in the overlap region was investigated using the normalized
slope of the mean velocity profile,

Ξ =

(
y+

dU
+

dy+

)−1

. (3.51)
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Near-wall, x = 3.5 m
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Near-wall, x = 5.5 m
Near-wall, x = 5.5 m

Figure 3.2. Skin-friction coefficient cf using the oil-film and
near wall methods (paper 7), shown with best-fit logarithmic
friction laws from equation 3.50 and the correlation by Fern-
holz & Finley (1996).

In a logarithmic region of the profiles Ξ is constant and equal to κ. The value of
Ξ was calculated by taking an average of the individual profiles at a constant
wall distance in inner scaling while omitting the part of the profiles where
η > Mo. Similarly, the profiles were again averaged at constant outer-scaled
distances from the wall for y+ > Mi. The parameters Mi and Mo are the
inner and outer limits of the overlap region. In Figure 3.5, the averaged Ξ
is shown together with error bars representing a 95% confidence interval. A
region where a nearly constant Ξ very accurately represents the data is evident
in both figures. This clearly supports the existence of a logarithmic overlap
region within the appropriate range of the parameters Mi and Mo. The choice
of the appropriate limits was subsequently selected based on the y values where
the error bar deviates significantly from the horizontal line in the figures. This
was based on an iteration of the limits until a consistent result was obtained.
The resulting values for the inner and outer limits areMi ≈ 200 and Mo ≈ 0.15,
respectively.

Statistical quantities, such as the turbulence intensities, were investigated
in paper 3. The peak values of the absolute and relative intensities are shown in
figure 3.6. Also shown in figure 3.6 are corresponding values obtained from di-
rect numerical simulations by Spalart (1988), Moser et al. (1999) and Alvelius
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Figure 3.3. Profiles of the mean velocity in inner-law scaling.
2530 < Reθ < 27300. Dash-dotted line: 1
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Figure 3.5. Normalized slope of mean profile, Ξ, shown in
inner scaling; only the part of the profiles in which η < 0.15
was used and the horizontal line corresponds to κ = 0.38

(1999), where the first is a boundary layer simulation and the last two are
channel flow simulations. One should keep in mind in the comparisons with
the DNS-data that the channel flow has a somewhat different character, where
Reynolds number effects on turbulence production etc. can be related to the
relative influence of the pressure gradient. This can partly be seen from the
integrated form of the mean flow equation. An increasing trend is visible in
figure 3.6. The increase in

√
u2/uτ is about 7% for the present data in this

Reynolds number range but the increase in
√
u2/U is only about half of that.

For
√
u2/uτ one can observe a significant difference between the channel flow

and boundary layer DNS data. The present set of experimental data smoothly
extends the boundary layer DNS-results to substantially higher Reynolds num-
bers, with a continued increase of the maximum intensity. One could expect a
levelling off to occur at high Reynolds numbers. From the results in figure 3.6
it is not really possible to determine an asymptotic level of (

√
u2/uτ)max but

it can be judged to be at least 2.9. The peak value of v2 is seen in figure 3.6 to
increase with the Reynolds number in a manner similar to the variation in the
peak value for u2. At the high Reynolds number end a decreasing trend is seen
that is probably due to spatial averaging effects. The increase in (v2/uτ)max
for Reθ < 13000 seems consistent with the low Reynolds number DNS-results.
Fernholz & Finley (1996) reported max-values of about 1.4 for Reθ = 20920
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Figure 3.6. Maximum streamwise turbulence intensity (x =
5.5m). ∗: Present experiment, 6.5 < L+ < 10. Dashed line:
linear regression to the present experiment. (·): Present ex-
periment, L+ > 10 (spread is partially due to use of three
different probe sizes). �: X-probe data. ◦: DNS of channel
flow by Moser et al. (1999). �: DNS of zero pressure gradient
boundary layer by Spalart (1988). ∇: DNS of channel flow by
Alvelius (1999). •: LDV results from boundary layer flow at
Reθ = 2420 by Karlsson & Johansson (1988).

obtained with a probe size of about 26 in wall-units. This is in reasonable
agreement with the results in figure 3.6.

The Reynolds number variation of the shear-stress peak value is shown in
figure 3.6. The peak values show an increasing trend with Reynolds number
that flattens out very close to unity for Reynolds numbers above about 15000.
The increasing trend at low Reynolds numbers also here seems consistent with
the DNS-results.

Miniaturized wall-hot-wires and a MEMS hot-film were used to measure
the fluctuating wall-shear stress (reported in paper 4). In figure 3.8 results
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Figure 3.7. MEMS hot-film sensor chip from UCLA/Caltech
(Jiang et al. 1996), mounted in the center of a printed circuit
board providing the electrical connections. A blow-up of one
of the vacuum insulated hot-films is also shown.

for the skin-friction intensity Tτw are presented, for all experiments performed
in this investigation, against the active sensor length in viscous units. The
data show a decrease in intensity for increasing probe dimensions as a result of
spatial averaging (see e.g. Johansson & Alfredsson 1983; Ligrani & Bradshaw
1987). The limiting value of the turbulence intensity for small probe lengths is
here found to be about 0.41. For comparison the results from the wall-hot-wire
experiments at MIT in a turbulent boundary layer in air flow by Alfredsson
et al. (1988) are also shown in figure 3.8 and show good agreement with the
present data. The resulting intensity from the MEMS hot-film of 0.35 is more
than 10% too low and can probably be attributed to remaining heat losses in
the diaphragm that modifies the dynamic response compared to the static one.
Still, the result represents a major improvement compared to previous findings
using hot-films in air where values of about 0.1 are reported for the relative
intensity of the wall shear stress fluctuations. Also, the rapid development in
MEMS technology will probably lead towards large improvements in the near
future. The wall-hot-wire of type 3, with the wire welded onto prongs flush with
the wall, show a behavior similar to the hot-film. The plausible explanation
being that heat flux from the wire, which is only a few µm above the wall, is
partly absorbed by the wall and transferred back to the fluid, in a mechanism
similar to that for the hot-film. A connected issue is that the sensitivity of



3.3. RESULTS 19

l+

Tτw

0 10 20 30 40 50 60
0.2

0.25

0.3

0.35

0.4

0.45

Figure 3.8. Turbulent skin friction intensity Tτw . Present
experiments, ◦: WW1, MTL, +: WW3, MTL, ×: MHF, MTL,
�: WW2, MTL, •: WW1, LaWiKa, �: WW2, LaWiKa,
�: WW2, LaWiKa, �: WW2, LaWiKa, �: WW2, LaWiKa
(for details see table 2 in paper 4). 2: experiment by Alfreds-
son et al. (1988).

type 3 wall-hot-wires is very low due to damping resulting from the proximity
of the wall.

Kline et al. (1967), showed that a significant part of the turbulence could
be described in terms of deterministic events, and that in the close proximity
of the wall the flow is characterized by elongated regions of low and high speed
fluid of fairly regular spanwise spacing of about λ+ = 100. Sequences of ordered
motion occur randomly in space and time where the low-speed streaks begin
to oscillate and to suddenly break-up into a violent motion, a “burst”. Kim
et al. (1971) showed that the intermittent bursting process is closely related to
shear-layer like flow structures in the buffer region. To obtain quantitative data
to describe the structures a reliable method to identify bursts with velocity or
wall-shear stress measurements is needed. Kovasznay et al. (1970) were the first
to employ conditional averaging, using a trigger, to study individual events such
as bursts or ejections. The triggering signal must be intermittent and closely
associated with the event under study. Wallace et al. (1972) and Willmart
& Lu (1972) introduced the uv quadrant splitting scheme. Blackwelder &
Kaplan (1976) developed the VITA technique to form a localized measure of
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Figure 3.9. Spanwise correlation coefficient Rτwτw as a func-
tion of ∆z+, Reθ = 9500. Present data, �: unfiltered,
�: f+c = 1.3× 10−3, �: f+c = 2.6× 10−3, ◦: f+c = 5.3× 10−3,
�: f+c = 7.9× 10−3, —: spline fit to ◦. DNS of channel flow,
−−: Reτ = 590, − · −: Reτ = 385, · · · : Reτ = 180 (Kim et al.
1987; Moser et al. 1999).

the turbulent kinetic energy and used it to detect shear-layer events. For a
comprehensive overview of the literature in the field of coherent structures the
reader is referred to the review article by Robinson (1991).

In paper 6 the mean spanwise separation between low-speed streaks in
the viscous sub-layer was investigated using a MEMS array of hot-films. The
spanwise cross correlation coefficient between the wall-shear stress signals

Rτwτw (∆z) =
τw(z)τw(z + ∆z)

τ ′2w
, (3.52)

obtained from two hot-films separated a distance ∆z+ in the spanwise direction
was used to estimate the mean streak spacing. At high Reynolds numbers con-
tributions to the spanwise correlation coefficient from low frequency structures
originating in the outer region conceals the contributions from the streaks and
no clear (negative) minimum is visible in figure 3.9 for the measured correlation
coefficient (shown as�). This behavior was found also by others, see e.g. Gupta
et al. (1971). A trend is clearly visible in the relatively low Reynolds number
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simulations by Kim et al. (1987) and Moser et al. (1999) where at their high
Reynolds number the minimum is less pronounced. In an attempt to reveal and
possibly obtain the streak spacing also from the high Reynolds number data in
the present experiment we applied a high-pass (Chebyshev phase-preserving)
digital filter to the wall-shear stress signals before calculating the correlation
coefficient. This procedure reveals the content from the streaks and enhances
the variation in the correlation coefficient. A variation of the cut-off frequency
revealed no significant dependence of the position of the minimum on the cut-
off. The cut-off frequency was chosen to damp out frequencies coming from
structures larger than about 2500 viscous length scales corresponding to the
boundary layer thickness. The filtered correlation is shown for different cut-off
frequencies in figure 3.9. The correlation decrease rapidly and a broad mini-
mum is found at ∆z+ ≈ 55 giving a mean streak spacing of λ+ ≈ 110. The
correlation coefficient is close to zero for separations ∆z+ > 100.



CHAPTER 4

Concluding Remarks

Experimental results were presented for turbulent boundary layer measure-
ments spanning over one decade in Reynolds number, 2500 < Reθ < 27000.

The classical two layer theory was confirmed and constant values of the
slope of the logarithmic overlap region (i.e. von Kármáns constant) and the
additive constants were found and estimated to κ = 0.38, B = 4.1 and B1 = 3.6
(δ = δ95). The inner limit of overlap region was found to scale on the viscous
length scale (ν/uτ) and was estimated to be y+ = 200, i.e. considerably further
out compared to previous knowledge. The outer limit of the overlap region was
found to scale on the outer length scale and was estimated to be y/δ = 0.15.
This means that a universal overlap region can only be expected for Reynolds
numbers larger than Reθ ≈ 6000. The newly determined limits also explain
the Reynolds number variation found in some earlier experiments.

Measurements of the fluctuating wall-shear stress using the hot-wire-on-
the-wall technique and a MEMS hot-film sensor show that the turbulence in-
tensity τw/τr.m.s. is close to 0.41 at Reθ ≈ 9800. This was also substantiated
by near-wall single-wire measurements.

A numerical and experimental investigation of the behavior of double wire
probes were carried out and showed that the Péclet number based on wire sep-
aration should be larger than about 50 to keep the interaction at an acceptable
level.

Results are presented for two-point correlations between the wall-shear
stress and the streamwise velocity component for separations in both the wall-
normal-streamwise plane and the wall-normal-spanwise plane. Results are pre-
sented for the streak spacing and the propagation velocity of near wall shear
layer events. Turbulence producing events are further investigated using condi-
tional averaging of isolated events detected using the VITA technique. Compar-
isons are made with results from other experiments and numerical simulations.
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