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A shear-free turbulent boundary layer
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A simple wall-turbulence interaction has been studied experimentally. In the
idealized model an infinite flat plate is suddenly inserted into a pre-existing field
of homogeneous isotropic turbulence, and subsequent changes in the turbulence
field examined. The experiment involved passing grid-produced turbulence over
a wall moving at the mean speed. Mean velocity gradients vanish in both the
model and experiment, and hence production of new turbulence is absent. This
allowed the inhibiting effects of the wall to be studied separately. The growth of
the ‘inhomogeneity layer’into the impressed turbulence field and other statistical
features of the turbulence were measured.

1. Introduction

This paper deals with the interaction between a wall and a turbulent flow field.
Previous studies of wall-bound and turbulent free shear layers suggest that the
wall acts in two ways. First, the wall acts in a direct way, inhibiting the turbulent
fluctuations in its vicinity. Secondly, the wall indirectly assists in the maintenance
of mean velocity gradients which in turn interact with the turbulent fluctuations
to produce new turbulence. Previous observations indicate that the outer (wake)
portions of wall-bound turbulent shear layers are surprisingly similar to free
turbulent shear layers. This suggests that the inhibiting action of the wall is not
effective in the wake region, though it is clearly important close to the wall.
Upon consideration of this state of knowledge, it appeared that a missing and
needed study was one in which only the inhibiting effects of the wall were present.
Such an investigation constitutes the work to be described.

The simplest type of free turbulence is that which can be idealized as motion-
less in the mean, and statistically both homogeneous and isotropic. This model
has been used in previous investigations of the turbulence decay process. Now
imagine that an infinite flat wall is suddenly placed in this infinite turbulence
field. Initially the effects of the wall would be confined to a thin region near the
surface, but this region would thicken in time and propagate into the turbulence
field. Within this region the turbulence would no longer be isotropic but would be
homogeneous in planes parallel to the wall. Since there would be no mean velocity
gradients, no new turbulence would be produced, and hence the effect of the wall
would be merely to alter the nature of the existing turbulence. The region of
influence of the wall will be called the ‘inhomogeneity layer’. This idealized type
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of wall-turbulence interaction is the simplest conceivable, and forms a model for
the present study.

The central objective of this research was the determination of the nature of
the turbulence in the inhomogeneity layer, and the rate of growth of this layer
into the external turbulence field. The program involved measurement and
analysis of pertinent statistical properties of the turbulence, both within and
external to the inhomogeneity layer, in an apparatus simulating the idealized
situation.

While it is impossible to exactly produce homogeneous isotropic turbulence,
the turbulence field produced by passing fluid through a grid has many features
of such turbulence when viewed by an observer travelling downstream with the
mean flow velocity. The sudden insertion of a wall can be accomplished by pass-
ing this flow stream over a wall moving at the mean velocity. Thus, an observer
attached to the moving wall would see a growth of the inhomogeneity layer in
time, essentially as in the model problem outlined above.

The present experimental program was conventional in concept but novel in
execution. Whereas relatively standard grid-produced turbulence and hot-wire
anemometry were employed, water (rather than air) was used as the working
fluid for several reasons. It permitted low speed operation, which greatly simpli-
fied the design of the moving wall, and allowed desirable experimental conditions
to be obtained with large-scale grids. Although the general approach to hot-wire
operation in water had been developed previously, further refinement was neces-
sary for the present experiments. Consequently a further improved constant
temperature hot-wire system was developed. The fluctuation frequencies en-
countered in these low speed operations were so low that unconventional tech-
niques for data recovery and processing were required. With the developed
apparatus it was possible to measure a variety of statistical properties of the in-
homogeneity layer. These included turbulence intensity profiles, spectra, and
probability distributions associated with longitudinal fluctuations. The experi-
mental system and the results obtained are reviewed in the following sections.
For additional data and detail see Uzkan & Reynolds (1965).

2. Experimental techniques
(@) Flow system

The experiments were performed in an available water table which had the con-
figuration shown in figure 1. The water was supplied from a circulation system
capable of deaerating, filtering and deionizing the water. The details of the main
circulation and associated subsystems are described by Runstadler, Kline &
Reynolds (1963). The inlet nozzle shape and the number and location of the
screens at the inlet and outlet of the channel were adjusted until an acceptably
uniform flow at the grid was obtained. The flow rate and mean velocity were
controlled by changing the height of a dam at the end of the water table.

The turbulence was created by a square mesh aluminum rod grid shown in
figure 2. The grid mesh-length to rod-diameter ratio was chosen as 5-33 to allow
comparison of the turbulence decay measurements with data available in the
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literature. The choice of grid scale was based on a compromise between the desire
for many bars and the difficulties of small scale and rapid decay associated with
smaller rods.T
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Ficure 1. Schematic view of flow channel, plan view.

In order to match the wall speed with the free-stream speed, a continuous belt
mechanism was built on one side of the channel, as shown in figure 3. The moving
belt was cloth based rubber with dimensions 110 x 10 x §in. This belt provided
a moving surface 50in. long for full depth of the channel. The surface of the belt
was hydraulically smooth, and the thickness variation of the belt was + 0-002in.,
except at the 45° lap joint where it was +0-005in. The belt ran between two
drums of 2in. diameter. These drums were crowned inward for 0-25° and cross-
knurled to prevent slippage. A careful test indicated no appreciable slip.

The belt was driven through a worm gear by a ».c. motor, which held the speed
constant within 0-59%,. The speed of the belt could be varied between 0-1-0-8 ft../
sec in either direction. Vibrational disturbances of the driving unit were minim-
ized through use of rubber pads and flexible couplings. To prevent sagging and
vibration of the belt, a constant suction was applied to draw the belt against the
front plate, and guide pieces were used to limit its vertical motion. A slight suc-
tion was applied where the belt fares into the stationary wall to counteract the
convection of water by the moving wall surface. Two clearance vanes were used
to control the suction flow rate, which was adjusted to provide a uniform flow
downstream of the suction slot.

(b) Hot-wire system
Hot-wire operation in low velocity water lows presents several unusual problems
(Sabin 1963), which necessitated development of a special anemometer. A sche-
matic diagram of our constant-temperature linearized hot-wire anemometer is
shown in figure 4. Its operating characteristics are outlined below:
probe overheat temperature range, 25-40°F (30°F used for the present
data),
+ While it may seem that the number of rods should have been greater, surveys of the

turbulence field showed that a reasonable degree of homogeneity was obtained downstream
in the test section (figure 13).
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Ficure 3. Schematic details of moving channel wall.
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probe resistance range, 0-9-3-5 Q,

drift, less than 1-5 9%, /hour,

frequency range, 0-800¢/s,

noise to signal ratio, less than 0-02-0-03 %,,

noise to fluctuation signal ratio, less than 29, for 29/ relative turbulence
intensity,

power supply, batteries.
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Ficure 4a. Constant temperature hot-wire anemometer, schematic diagram.
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Ficure 4b. Solid state amplifier details.
Component values :

R,=Ry=R;=R,=20kQ1:0% C,=C,=200pf10% disc type P65A: Philbrick

R,=R,=1MQ1-09, 0, =0,=120pf 109, disc type  D.c. operational
Rg=Ry=15MQ 059 P, =10kQw.w. amplifier
Ry=5kQ w10 P, = 5k 10 turn, linear M1 : Microammeter
Ry, = 0-26 O Manganin wire B, = 1-4 volts Mallory 2Mg F25uA

Ry =10kQ3w 109 M2: Milliammeter

0-50 mA
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A sketch of a typical probe isin figure 5. For the present tests wires were made
from 0-0008in. diameter pure platinum wire, 0-08in. long, and spot welded on
pure platinum supports. The welds were covered by a thin layer of epoxy plastic
for mechanical support of the joints, but the actual element was uncoated.

Soldered Platinum support

connection

00008 in. diameter
platinum wire
0-080 in. long

Leads

Xy

Z/ Glass Epoxy \_ Spotweld
p

robe stem covered by epoxy

Ficure 5. Construction details of hot-wire probes.

Linearized T =
anemometer - ape
| converter recorder F—> Tape (@
' Tape TBM 1620
lape player Counter computer t——=, Punched card output  (6)
Punched IBM 7090 .
cards = | computer —>>  Final output (c)

Freurek 6. Digital data system.

(¢) Data acquisition and processing methods

Two different schemes for data acquisition and processing were employed. The
first involved obtaining digitized signals proportional to the average velocity
over 10 millisecond intervals and processing by a digital computer. A separate
electronic system provided for continuous analogue processing of the fluctuation
signal. The digital system was used primarily to obtain information about the
probability density and associated moments, and the analogue system was used
for the spectral analysis.

The schematic diagrams for the digital system are shown in figure 6. The linear-
ized anemometer output was converted to a frequency modulated high frequency
(5-15Kc) signal by a Vidar 240B voltage-to-frequency converter. This produced
a frequency which was a linear function of the instantaneous velocity. The FM
signal was then recorded on a home type Grundig AM TK-65 tape recorder. This
system was used in arange where the distortion was less than 29, and the linear-
ity accurate to 1%,

To obtain digitized data, the tape recorded signal was processed with the
equipment shown in figure 65. The counter determined the number of cycles
recorded over a 10ms time interval, and these numbers were punched on to
cards. The sampling interval was chosen so that the maximum uncertainty (in
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intensity) due to processing was less than 29,. The 10 ms sampling interval dis-
cards the spectral content above 100 c¢/s, and significantly alters the spectrum
above about 20c¢/s. Hence the digital scheme was not used to determine the
spectra.

The schematic diagram of the analogue processing system is shown in figure 7.
The principle element of thissystem is the Quantech model 304 spectrum analyzer,

Monitor
scope
Anemometer Spectrum X-y
and analyzer plotter
linearizer
i 30 second
Sq‘uan‘ng integrator
circuit for i 2
30 second
integrator
for 7
Ficure 7. Analogue data system.
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Ficure 8. A typical hot-wire calibration.

30
e3¢ = kf edt
0

which is particularly well suited for turbulence measurements in water flows.
It has a narrow band filter (1c/s), is effective at relatively low frequencies
(Lefs), and provides automatic scanning. The data presented here were taken
with 1e/s filter bandwidth, 10s meter time constant, 180s sweep time, and
0-50c/s sweep range. The analyzer output signal was recorded on 11 x 17in.
paper using an X-Y recorder. Several records were obtained at a given point in
the flow field and averaged curves were drawn. Values read from the averaged
curvces at integer frequencies were used in subsequent calculations.
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The mean velocity was obtained by integrating the linearized hot-wire signal
for 30s. The hot wires were calibrated in a steady laminar flow by measuring the
vortex shedding rate from a small cylinder placed in front of the probe (Runstad-
ler et al. 1963). A typical calibration is shown in figure 8.

(d) Calculation of turbulence data

. The turbulence measurements were obtained from a hot-wire oriented perpen-
dicular to the flow direction and parallel to the moving wall. As a first order
approximation this wire measures the velocity component in the streamwise
direction, U,(x) 4+ u,(z, ). Several kinds of turbulence information were obtained.
Data presented here include the mean square turbulent fluctuation w2, which
was obtained by digital processing of the digitized hot-wire signal. The one-
dimensional spectral density was obtained from the frequency analysis of the
hot-wire signal given by the spectrum analyzer. The spatial spectrum is propor-
tional to the frequency spectrum, and the relation between spatial wave number
k, and frequency f is taken as k; = 27f/U;. The constant of proportionality was
determined from

i = [ Bk,

The integral scale (L) and microscale (A) are

L= fwﬁ(r)dr,
0

1 128
A2 202

3
r=0

where B(r) is the Fourier transform of E,(k,). These were computed from

U
o 1(ky)

H

k=0

. © -1
,\2=2ug[ f kgEl(kl)dkl] .
0

The turbulence intensity and the microscale can be combined to give a time scale
or the turbulence, —
f ty = A(ud) L.

Two thicknesses characterizing the inhomogeneity layer have been used. The
physical thickness & is arbitrarily taken where u§ is 999, of its free-stream value.
The physical thickness is difficult to measure accurately, and hence an integral
thickness, the energy deficit thickness, A, was defined as

A= [ o-wdady.

A provides a measure of the depletion of turbulence energy brought about by the
wall. A layer of the external turbulence field of thickness A would possess the
same amount of turbulence energy in the %, component as is missing from the
inhomogeneity layer.
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3. Experimental results

(a) Preliminary checks
Prior to the turbulence experiments, the suitability of the basic flow was checked.
The gross flow characteristics were checked by visual (dye injection) methods,
and no secondary flows were observed. The water flow velocity was kept below
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Fi1cure 9. Some typical surveys of the flow channel without grid.

0-35ft./sec in order to minimize exit disturbances and to keep the wake develop-
ment region behind the grid within 15in. Mean flow data in the channel were
obtained by hot-wire measurements. Selected surveys from these measurements
are presented in figure 9. Throughout the region of interest the mean velocity
variation was less than 1-59%,, which was considered quite satisfactory. The wake
development behind a grid bar is shown in figure 10. Note that the wake and jet
effects are negligible after 14in., and all subsequent turbulence data were taken
downstream of this point. It is unfortunate that the problems of experimenting in
low speed water flow made a critical examination of the homogeneity of the basic
turbulence field difficult. Experience in air would suggest that a downstream
distance of 40 meshes is required for satisfactory homogeneity. Hence perhaps
the present results should be cautiously interpreted.
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(b) Free-stream measurements

Initial experiments dealt with the decay of the grid-produced turbulence. Previ-
ous measurements of grid turbulence indicate that different periods of decay can
be distinguished. The initial period can be identified as the region of decay where
the turbulence energy varies approximately as ¢~1, while in the final period the
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Frcure 10. The development of the wake behind a grid bar.

energy varies as {~%. A transition region blends these two modes of decay. For
uniformly convected grid turbulence, the temporal decay appears as a stream-
wise reduction in the time-averaged properties.

Our data for decay behind the grid is presented in figures 11 and 12. Here the
subseript co indicates free-stream value. These data were taken with U = 0-305
ft./sec along a streamline away from the wall. The variation of u? is shown in
figure 11, which suggests that the turbulence is in the initial period region for
12 < x < 40in. The x/M intercept of the best fit line to data is approximately at
xof/ M = 3:0. Corresponding intercepts obtained in previous measurements in
wind tunnels give values between 10 to 20 (e.g. Batchelor 1953). The Townsend—
Batchelor data taken with parameters M/d = 5-33 and Rey, = 5500 are the
closest to the present tests (M/d = 5-33 and Re,, = 5250) and give a value
x4/ M = 15-20. Batchelor suggested an initial period decay law of the form

Hi,i(_i_ﬁ)
w Cp\M M)
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where C}, is the drag coefficient and ¢ is a constant representing the effects of
different geometries. The best fit to the present data is given by ¢/Cp = 60,
xy/M = 3-0. The constant 60 is somewhat below the value of 135 which was
suggested by Hinze (1959) on the basis of air experiments. Together with the
lower value of z,/M, the present tests indicate some differences between the
present and previous data. Additionally, data taken beyond x = 40in. indicated
that the departure from the initial period behaviour began at about z/M ~ 30;
in contrast, the expectation based on previous measurements (Hinze 1959) was
that the initial period would extend somewhat further. No explanation for these
differences can be given at this time, but it is known that the structure and decay
of grid turbulence are very sensitive to the free-stream turbulence and grid con-
figuration, and hence some seemingly unimportant factor may be responsible for
the deviations from previous behaviour. But as the main purpose of these
measurements was to establish the decay law outside of the inhomogeneity layer,
this point was not pursued further.

Free-stream spectra are shown for several streamwise (x) stations in figure 12.
The general behaviour is similar to that observed with air.

The data obtained in the free-stream have the same qualitative behaviour as
previous experiments in air, though there are some quantitative differences.
Hence it was felt that the present free-stream structure was adequately deter-
mined, though the degree of homogeneity in the turbulence field remains un-
resolved.

(¢) Inhomogeneity layer measurements

The structure of the decaying turbulence is altered by the wall within the region
which we have called the inhomogeneity layer. The extent of this layer can be
obtained from inspection of the u2 profiles in figure 13. Note that the profiles are
extremely smooth, and do not exhibit the characteristic peak found for boundary
layers on stationary walls (Klebanoff 1954). This is an indication of the absence
of any turbulence production. The intersection of the lines through the data with
the lines marked A and & indicate the values of the two thickness parameters
defined previously.

The turbulence intensity variation with z at fixed y is shown in figure 14. Note
that the decay is more rapid near the wall, but the free-stream behaviour is
approached towards the outer edge of the inhomogeneity layer.

One-dimensional energy spectra are shown in figure 15 as functions of y at one
x station.t The significant range of energy containing motions is covered by these

curves, and hence the integrations required for normalization on %2, are suffici-
ently accurate. As might be expected, the low wave number range shows the
most pronounced wall influence and all wave numbers are attenuated by the
presence of the wall. These curves suggest that different wave numbers have
different thicknesses, with the inhomogeneity layer appearing thicker to larger
scale motions. This is in qualitative agreement with the theory of Sternberg

T Note that the value of ¥, does not vanish for & = 0, since this is a one-dimensional
spectrum.
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(1962, 1965); it also agrees with Prandtl’s mixing length ideas, which view the
wall suppression as extending farther out for larger scale motions.

Figure 16 shows the distribution of the so-called ‘dissipation integral’ across
the inhomogeneity layer. This integral provides a rough measure of the rate of
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Ficure 13. 12 Profiles in the inhomogeneity layer. U = 0-315 ft./sec; Uw/U = 1:0;
M|d = 5-33; Rey = 5250.

turbulent energy dissipation/unit of volume. The dissipation rate must vanish at
the wall, and hence the integral is less in the inhomogeneity layer than in the
free-stream. The turbulence time scale, microscale, and integral scales are shown
as functions of y in figures 17 and 18. Note that the time scale increases towards
the wall; the decrease of length scale towards the walls implies that the average
eddy size is smaller near the wall. However, the effect of the wall on eddy size is
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much less than the effect on the time scale, which suggests that the wall mainly
slows down the turbulent motions while only, slightly changing their physical
scale.

(d) Velocity mismatch data

The data presented in the previous section dealt exclusively with the case where
the wall speed was adjusted to match the free-stream speed as closely as possible.
In order to evaluate the effect of imperfect velocity matching, some of the

T T T T T T T T T
3000 |- e
y=0-025 in.
0-050 in.
X in. |
2000 -
|N§j-| -
a
;:) e
1000 |-
e / Free stream
- A / 4
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1 ! 1 1 1 [ 1 1 1 1

0 2 4 6 8 10 12 14 16 18 20
Nondimensional distance from grid, /M

Ficure 14. Decay of nondimensional turbulence intensity within inhomogeneity layer.
U = 0-315 ft./sec; Uy/U = 1-0; M/d = 5-33; Reyy = 525052z = 4-5in.

experiments were repeated with the wall moving at 90 %, of the free-stream speed
(U = 0-9U,), and with the wall stationary. No attempt will be made to relate
these data to previous boundary layer measurements, but a more extensive study
along these lines is being contemplated as an extension of the present work.

The u2 and U, profiles for two values of Uy;/U,, are shown in figures 19 and 20.
Note that even a modest amount of mismatch introduces some turbulence pro-
duction within the inhomogeneity layer. For the stationary wall case a very sharp
peak occurs in the u2 profile near the wall.
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It would appear from inspection of these data that a very slight mean velocity
gradient would produce noticeak's peaking in the intensity profile. Since none
was observed, it is concluded that the velocity match was indeed satisfactory.
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Ficure 15. One-dimensional energy spectra in the inhomogeneity layer. z = 15in.;
U = 0-295 ft./sec; Uw/U = 1-0;2 = 5in.

A simple visual study was made in addition to the main measurements. Using
the dye-injection methods described by Runstadler ef al. (1963), dye was placed
on the moving wall, and the flow structure very near the wall was examined.
When the turbulence grids were absent, and the wall was stationary, the streaky
structure observed by Runstadler et al. in the wall layers of turbulent boundary
layers was absent, indicating the presence of a laminar boundary layer. The
streaks appeared when the grids were added, indicating that the boundary layer
had become turbulent. Then, the wall speed was increased, until it matched the
free-stream speed, at which point the streaks and the ejection of low speed fluid
from the wall disappeared. When the wall was moved in the opposite direction,
the streaky wall structure was replaced by a highly agitated turbulent structure,
and the streaks were observed. The absence of streaks when Uy, = U, strongly
supports the hypothesis that the streaks and their breakup play a dominant role
in the production of new turbulence.

59 Fluid Mech. 28
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Fieure 16. Dissipation integral in the inhomogeneity layer.
z = 15in.; U = 0-295 ft./sec; Uy/U = 1-:0;2z = 5-0.

T T T T T T )
. T T T T T T
30020 |- - L -
- f‘. o O A_‘g—_ﬁ
- e;A O~
~ — o o] /lf =
— )
< o /
B 0015 - -
—~ o
~ i
1
_ & r B
Ei
a & 0010 —
3
. ey - —
<
3
- — 0005 + -
&
&b 0
_ Q - ! _*
5 al
—
0 1 L L 1 1 1 { i { | 1 l |
0 01 02 03 04 05 06 07 0 01 02 03
Distance from moving wall, y in. Distance from moving wall, ¥ in.
Figure 17 Ficore 18
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Froure 18. The integral and microscale of turbulence in the inhomogeneity layer.
x=18in.; U = 0-295 ft./sec; Up/U = 1-0;z = 5in.
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Fraurr 19. Mean velocity and intensity profile for 10 9, velocity mismatch in moving wall
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N
=l

(%)
(=3

Turbulence intensity, (u%)? ft./sec x 10°

20
030
10
020
010
0 IS SN N WU N R W S
0 02 04 06 08 10

y inches

Mean velocity, U ft./sec

F1cURE 20. Mean velocity and turbulence intensity profiles on the stationary wall.

U = 0-330 ft./sec; Uy/U, = 0-0; & = 19 in.

52-2



820 T. Uzkan and W. C. Reynolds

4. Discussion

The primary objective of the present study was to learn how the wall alters the
structure of turbulence nearby and the extent of the region of this influence into
the impressed turbulence field. The experiments indicate that, in the absence of
mean velocity gradients, the wall acts to attenuate the turbulence. The intensity
profiles were quite smooth, and did not show the characteristic peak found when
the wall is stationary.

The E,(k,) spectra show that there is some slight preferential attenuation of
low wave numbers, indicating that the wall is more efficient in damping larger
eddies. Furthermore, the distance from the wall which is influenced by the wall
seems slightly greater for large eddies, though the spread is not great over the
range of energy-containing wave numbers. No really drastic changes in the spec-
tra were observed, and the variations throughout the inhomogeneity layer are
quite smooth.

u, or u, fluctuations were not measured, but some speculation about their
general behaviour can be made. It is expected that the impervious nature of the
wall acts to attenuate u, fluctuations most rapidly, as only viscous effects attenu-
ate u, and u, fluctuations. Thus, the energy deficit thickness for u, fluctuations is
probably somewhat greater than that measured for u,.

The extent to which the inhibiting wall effects extend into the field of impressed
turbulence is of particular importance, since this is expected to be roughly
applicable within turbulent shear layers. Based on the present experiments, we
can estimate the inhomogeneity layer thickness roughly as

& ~ 1-83(v/UL,,)*5205,

where x represents the distance from the start of the layer, and U, is the free-
stream velocity. For comparison, the thickness of a turbulent boundary layer on
a flat plate is given approximately by (Eckert & Drake 1959)

8, = 0-376(v/U,,)0220%,

Assuming (with no particular justification) that the order of magnitude of the
direct wall influence is unchanged by the presence of turbulence production
(which occurs mainly in a thin region very close to the wall), the inhibiting wall
effects would extend over only about 109, of the turbulent boundary layer for a
flow with 2U,/v = 10° and over only 5%, of the boundary layer at zU_/v = 107.
This observation may well explain why the structure of the turbulence in the
outer portion of a turbulent boundary layer bears so much resemblance to the
turbulence in free turbulent shear layers.
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CORRIGENDUM

‘Hydromagnetic stability of dissipative flow between rotating permeable
cylinders. Part 1. Stationary critical modes’, by TIEN SUN CHANG and WALTER
K. Sarrtory, J. Fluid Mech. vol. 27, 1967, p. 65.

The symbols of the abscissae and ordinates should be interchanged in figures
1-4, 6, and B, should be f,.



