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Abstract

The influence of grid-generated wind tunnel turbu-
lence on the developmentof a turbulent boundary lay-
er was studied. The free stream turbulence level was
variedintherangeof 0. 05 to 1 per centand velocity
profiles were measured in sidewall boundary layers
for differentdistances from the nozzle exit at approx-
imately zeropressure gradient in the flow direction.
Forafixed transition, the shape parameter, skinfric-
tion coefficient, and the wake component were esti-
mated from the boundary layer profiles measuredat
differentfree stream turbulence levels.

It was found that for external turbulence levels
less than 1 per cent the boundary layer shape para-
meter and wall shear stress vary with the square
of the turbulence intensity rather than in a linear
way.

Nomenclature

A van Driest constant, Eq. (7)

cf skin friction cozefficient,
Cf ) 2’rw/(pooUoo)

d diameter of rods
outer diameter (height) of a Pitot
probe

G shape parameter, Eq. (19)

le shape parameter, Eq. (14)

K constant in the Velocity Defect Law,
Eq. (25)

M mesh size of the grid

n exponent for the decay of turbulence,
Eq. (23)

P4 dynamic pressure,
pd N pt h pw

P, Pitot pressure

P, static pressure, measured at the
wall

Re Reynolds number, based on free

D c o

stream conditions and the probe
diameter D

RMS Root Mean Square

Tu turbulence level

12 1/2
Tu=<u'2+v'2+w'2) /(SU;)

88

’I‘u1

Tu

Tu

—'-2-)1/2
(2

(2)?

X,¥,2

3400 Goéttingen, W-Germany

turbulence level
("—2 2 )1/2
= '
Tul u /Uoo
turbulence level
- "2 2 1/2
Tu2 = (v /Uoo)
1
M
3 o]
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mean velocity in x-direction

fluctuating velocity components in
x-direction (RMS-value)

fluctuating velocity components in
y-direction (RMS-value)

fluctuating velocity components in
z-direction (RMS-value)

coordinates normal and parallel to
the surface

distance from the grid to the leading
edge

distance from the leading edge to the
measuring station

distance from the virtual origin of
turbulence to the measuring station

distance from virtual origin of turbu-
lence to the leading edge

values in the Preston tube analysis,
Eqs. (2-4)

dimensionless wall distance,
y*=yu [v

total boundary layer thickness

displacement thickness, Eq. (12)
momentum thickness, Eq. (13)

dimensionless wall distance,

n=y/s
von Kédrmdn constant,
x=0.4

dynamic viscosity,
u=vep



v kinematic viscosity

T wake factor, Eq. (6)

Ty constant, Eq. (9)

[ density

T shear stress

w wake function, Eq. (6)

w, additional velocity distribution,
Eq. (9)

Subscripts

LE leading edge

w wall conditions
@ free stream conditions
o conditions at quiescent flow,

Tu =0

1. Introduction

The influence of externalfree stream turbulence
Tu on a boundary layer is a well known phenome-
non. Recent investigations have been concentrated
on relatively high turbulence levels of the external
stream in order to simulate the flow condition
about an airfoil situated in the downstream stages
of multistagei turbomachinery. A paper by Schlich-
ting and Das™ deals with the influence of turbulence
levels on the aerodynamic logses of axial turboma-
chines. Systematic investigations of the effect of
grid generated turbulence on the development of
flat plate boundaxg layers were carried out by
G. Charney et al (Tu=0.34-59%) and G.D.
Huffman et al3 (Tu=14-5¢). However, in
connection with the proposal of a large European
transonic wind tunnel based on the ''Ludwieg Tube''
concept P, Bradshaw? brou ght the question into
discussion of whether the expected relatively high
turbulence level in wind tunnels {Tu < 1 4) will
have a strong influence on the experimental re~
sults. If significant differences exist between the
wind tunnel and atmospheric environments an in-
fluence may be mainly exerted upon:

- the change of transition from laminar to tur-
bulent boundary layer flow due to the external
turbulence,

-  the change of the turbulence structure in the
boundary layer with increasing turbulence lev-
el which can result for example, in changes of
the shape parameter and skin friction coeffi-
cient.

While the transition problem with respect to
higher external turbulence has not been investi-
gated so far, Charney and Huffmanz’ found some
systematic changes in the boundary layer develop-
ment as the turbulence level is varied in the range
of Tu~1%-5%. J.E. Green® made an analyti-
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cal study on the basis of these experiments and
found - extrapolating the result to quiescent air

flows (Tu = 0) - that the local skin friction coef-
ficient ¢, at Tu=0.2% is roughly ! 4 greater
than at Tu = 0, while the shape parameter le

is roughly 0.5 4 lower. Similar results were ob-
tained in an analytical study by Y. Aihara® based on
an integral method of solution combined with a per-
turbation procedure. However, no experimental pro-
gram has been undertaken to test the validity of ei-
ther of these analytical resuits for Tu <1 4. For
this reason a current investigation at the DFVLR-
AVA has been concerned with the effect of low free
stream turbulence {Tu <1 4) in subsonic incom-
pressible flow along a flat tunnel wall, upon bound-
ary layer development. The basic turbulence level
in the tunnel of Tu~0.04¢ was increased by
means of various grids having approximately iden-
tical mesh sizes. First a careful study of the decay
of the turbulence intensity and its deviation from
isotropy was made. Then velocity profiles in side-
wall boundary layers at different distances from the
leading edge and turbulence levels of the external
flow were measured. The calculated boundary layer
characteristics gave some information about the in-
fluence of the external turbulence.

2. Description of the Experiments
and Data Analysis

2.1 Fluid Mechanical Apparatus

The low turbulence wind tunnel of the DFVLR-
AVA is of an Eiffel type (Fig., 1). The settling

Fig. 1 Low turbulence wind tunnel of the DFVLR-
AVA

chamber is equipped with dust filters and screens.
The contraction ratio of the test section to the set-
tling chamber is 1:15, in order to obtain a low tur-
bulence level in the free stream. The test section
is 0.3 x 1.5 m2. There is a small gap between
the nozzle exit and the plane vertical wind tunnet
wall (compare Fig. 2). Thisg allows a new wall
boundary layer to start at that location. Near the
end of the nozzle contraction grids can be installed
(Fig. 2) in order to generate turbulence. Due to the
remaining contraction (1:1. 38) the turbulent motion
will undergo selective changes inits axialand trans-
verse turbulent energy levels due to the directionally



570—»j¢————X| E——> Test Section
Wall (Wood )
Ko e

510 -2 i
R 300

¥

Prandtl Tube (pt)
Hot Wire Probe (ur) PlexiGlass
Grid Impact Pressure Probe {q ) Window

Fig. 2 Sketch of the test section

selective vortex line distortion. As pointed out as
earlyas1932by L. Prandtl? a contraction in a tube
amplifies the transverse-velocity fluctuations rela-
tive to longitudinal ones. In this way the grid gen-
erated turbulence becomes more isotropic.

The tunnel walls are sufficiently divergent so
that only negligible axial pressure and mean veloc-
ity gradients exist.

The transition from laminar to turbulent bound-
ary layer flow was fixed 120 mm from and par-
allel to the leading edge by glueing a plastic tape
with embossed large letter V's (tip against flow
direction).

2. 2 Mean Flow Measurements

The pressure data in the boundary layer were ob-
tained with a flattened Pitot tube having a height of
D =0.16 mm . In order to take into account small
variations of the free stream, the mean velocity
(Um = 20m/s) was measured with a Prandtl tube.
The static pressure of the Prandtl tube was taken
as the reference pressure for the Pitot tube. Thus
in the data reduction procedure the actual free
stream velocity could be used for example, to cal-
culate the boundary layer integral values. All data
were time averaged over a period of six seconds
and then recorded at the identical time with a digi-
tal data logging system (AVA), essentially consist-
ing of ten digital voltmeters with a special data
storage. This degree of care in the experimental
procedure was necessary because only small ef-
fects on the boundary layer due to the variation in
the low external turbulence level could be expected.

2. 3 Turbulence Measurements

_Velocity fluctuations in the flow direction (x-direc-
tion) were measured with a single hot wire, andin the
y- and z-directions with X~-hotwires. The hotwire
probes were connected to a constant temperature
anemometer unit from Thermosystems Inc. (TSI).
The output was obtained from a Root Mean Square
(RMS)voltmeter from TSI which enabled measure-

-3 1/2 -5 1/2
ments of the true RMS-values, (u’ ) s (v’ )
2

(W'

s

1/2
) , to be determined from the fluctuating
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components u', v', w'. Application of a hot wire
for flows with low turbulence levels requires a
very careful calibration, as indicated RMS-values
at zero velocity (U00 0) are the sum of the in-
strumentation noise and signals due to the flow
around the hot wire caused by natural convection.
No way was found to overcome this problem using
a proper calibration procedure. Thus the RMS-
values for U00 = 0 were controlled by applying
an extrapolation from the calibration curve. From
a frequency analysis it was found that a relatively
large contribution of the RMS-reading was due to
high frequency noise. Due to the fact that these high
frequencies (f > 20 kHz) cannot result from the
flow unsteadiness, a low pass filter with a maxi-
mum frequency of 5 kHz was inserted.

The hot wires were recalibrated at each measur-
ing station over the entire velocity range

(U =45 m/s withno gridand U

0 max 00 max
= 36 m/s with the largest grid). The turbulence
levels seemed to show no dependence on the free
stream velocity for U_ > 8 m/s.

The change of the free stream temperature was
less than 1 °C during one calibration run. Thus no
temperature correction was incorporated into the
calibration procedure.

2. 4 Determination of the Skin Friction

Because the discussion about the influence of in-
creasing free stream turbulence is often concentra-
ed on the wall shear stress; a special emphasis
was placed on this investigation. Two different
methods to determine the skin friction have been
applied to the measurements reported here.

Determination from the dynamic pressure
measured by a surface Pitot probe (Preston
tube).

Determination from the measured total pres-
sure distributions near the surface.

2. 4.1 Surface Pitot Tubes

In our investigation we were mainly interested in
the change of the local skin friction and not neces-
sarily in the absolute values. Thus, due to its sim-
plicity the so called '"Preston tube'' technique for
the evaluation of the wall shear stress was applied.
The basis of this method is the universal Law of the
Wall, according to which the surface shear stress
can be related to the dynamic pressure Py- Py
is the difference between the pressure measuredby
a Pitot tube resting on the wall (pt) and the wall
static pressure (pw) .

8 . ;
J.H. Preston's suggestion was that for incom-
pressible turbulent boundary layers on smooth sur-
faces there exists the universal relation
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where D is the height of the probe and 7 is
the wall shear stress. Thus 7 can be deter-
mined once the calibration function ¢ is estab-
lished. The applicability of the Pregton tube tech-
nique is discussed by A. Bertelrud” in a survey
report. He recommends as the best incompress-
ible Preston tube calibration Patel's" "~ results. It
should be noted that the ''calibration function'' in-
cludes displacement and scale effects of the Pitot
tube resting at the surface.

The following notation for the data reduction was
used, following Eq. (1)

X

o = log- 5 . (2)

4pV

Using Patel's calibration curve

X = +21 1. 95 .
5 = Y og ( yp+4 n o, (3)

valid for the range 3.5<y <5,3, 7 can be
calculated implicitily from t%e relation

2
T

y, = log

P (4)

4pV

Then we obtain the local skin friction coefficient as

T

y
w___810P

2 ”

c, =
f (poo/z)Uzo ReD

(5)

where Re is the free stream Reynolds number
based on the probe height (ReD = UmD/v) .

The Preston tube technique offers the advantage
that the skin friction can be determined from a
single measurement. However, the Preston tube
readings can be effected by
- displacement effects of the probe,
tube size, D,
ratio of the inner to outer probe diameter,

- pressure gradients, dp/dx,
three-dimensional flow effects.

Due to the fact that in our experiment the probe

effects were approximately identical since only the

turbulence of the external flow was changed, the
conditions listed above will have no effect on the
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qualitative validity of the experimental results.
However, the results were proved using a more ad-
vanced technique described in the following section.

2. 4. 2 Determination of Local Skin Friction from
Experimental Velocity Profiles

The basis of the scheme is the comparisonofcal-
culated velocity profiles which are constructed from
the Law of the Wall and Coles's Law of the Wakel
with measured profiles. An additional distribution,
wz(y/c) , was introduced for the description of the
wake by J. C. Rotta in order to elimate the abrupt
change in the slope du/dy at the outer edge of
the boundary layer. The entire profile then may be
constructed following the relation

T

U _ T 2
;:—f(y’i 2w+ wyn (6)

Here the function f represents the Law of the
Wall and ig a function of the dimensionless distance,
y*= yuT/v - (y is the wall distance, u_ V'm
shear stress velocity, and v the kinematic veloc-
ity. ) If the viscous sublayer is included by intro-
ducing a van Driest's damping function to the mix-
ing length, the Reynolds shear stress can be ap-
proximated by

2
dul du
Fly - @

STV = )2 [1 - exp [- y%}]

Then we can calculate the function f from the re-
lation

2

(8)

1)

the van

1 +\A + 4x2{y*[1—exp (-

where x is the von Kérmédnand A
Driest constant, respectively.

In the Coles wake function w(n), n is the di-
mensionless wall distance y/§ . At the leading
edge w(y =1) becomes 2 while w(n=0) atthe
surfaceis 0. Thedistribution wz(n) is givenby

wyln) = (1 - pian - 3) . )

The constant, 71'2 , can be derived from the bound-
ary condition
T
d d T 21
y=5*—-——=u[ ——-———]=O . (10)
dy T dy* v x §

The local skin friction law is obtained from Eq. (6)
for =1
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If the values Uoo’ v, x, A are given we can de-

termine any one of the three parameters uT, 5,
and 7, if the other two are known. This leads to
the consideration of using Egs. (6) and (11) in con-
junction with experiments as was proposed by

J.C. Rottal2, 1f the velocity profiles are con-
structed using Eq. (6) the wall shear stress and the
boundary layer thickness have to be determined in
such a way that the calculated profile is in the best
possible agreement with the experimental one.
This is accomplished by requiring that the Root
Mean Square deviation between the two profiles be-
comes a minimum. In addition an iterative proce-
dure can be applied in order to solve the nonlinear
problem of finding the most probable values of u ,
6, 7, A, and =xn. This enables one to make a
statistical analysis of the experimental velocity
profile. In our case the values of x« and A
were assumed to be constant (x = 0.4, A = 26.5) ,
because there is no reason to believe that they will
change with increasing free stream turbulence.

Once the shear stress and the boundary layer has
been obtained by such a procedure, all other bound-

ary parameters such as the displacement thickness

y=6
_ U
5, - f (t-g=)ar (12)
@
y=o
and the momentum thickness
¥=6
_ U U
e [ s
- fos} 0
y=o

can be calculated. Then the shape parameter de-
fined as

!

H,=— (14)
12 52

can be calculated from Eqs. (12) and (13).

3. Prediction Methods

Most of the available calculation methods for the
prediction of the effect of the free stream turbu-
lence shear layers have already been discussed in
a review paper by P. Bradshaw"°, His study led
to the conclusion that the existing information about
mean-flowproperties and turbulence had notbeen
fully absorbed into the calculation methods. Two
papers which were recently published should be
added to the list of references in Ref. 13. First
D. Arnal et all4 investigated boundary layer
development with positive pressure gradient in a
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turbulent external flow. They compared their ex-
perimental results by means of a set of transport
equations and an integral method in which an adapt-
ed mixing length scheme is used. The other ana-
lytical study of a turbulent boundary layer along a
flat plate with external flow turbulence was car-
ried out by Y. Aihara®. He used an integral method
of solution with first and second order perturba-
tion procedures for his investigation of the effect of
small external flow turbulence. In Ref. 6 results
are presented based on a simple formula for the
mixing length (1/§ = xy/6) . In the mean time

Y. Aihara derived - by means of the same proce-
dure - relations which include a modification of the
mixing length formula (1/§ = 0. 09 tanh (x ¢/0.09)).
The calculations lead to the following results:

-6 )m. 2
El_(_)__l_z__ .58 Tu (15)
61 Tu=o
6, - (85)m
2( ) 2 Tu’o = 10. 0 Tu 3 (16)
62 Tu=o
AH H -H -
n 1)2 . 12H 12, Tu™ . 2,43 Tu, (17)
( 12’0 12, Tu=o
and
Ac c, - (c,) -
ff___(f) fTu=0 _ 3 g4y . (18)
c o cf Tu=0

A second claculation method has been proposed by
J. E. Green®. His analysis of the measurements of
Huffman et al shows that the shape parameter

e R

, (19)
Hia ¢
varies as
/ 2
1
G=c [1+1yE ) (20)
o} 3 ¢ U
f w©
Taking G_ as 6.4 in quiescent air he found that

the influence of increasing free stream turbulence
on the local skin friction can be described as

Acy

—— = 4, 8 Tu
[

fo

(21)

If Eq. (21) is applied for low external turbulence
{(Tu- 04) it must be noted that the corresponding
shape factor G is obtained from a linear extra-
polation based on Huffman's experiments performed
at turbulence levels in the range of 1 $4<Tu <5 4.



4, Results

4,1 Turbulence Measurements

The turbulence level in the wind tunnel was investi-
gated with and without grids. Four different grid
sizes were used. The geometry was varied in such
a way that the difference (M - d) between mesh-
size M  and the wire diameter d was approx-
imately constant. In Fig. 3 the measured turbu-
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Fig. 3 Decay of the turbulence level

Tu, = u'szooz downstream of grids

lence levels in the wind tunnel with and without
grids for different distances from the leading edge
are shown. The pressure gradient in flow direction
at Uoo ~ 20m/s was approximately zero. The
black symbols indicate measurements with a single
hot wire probe while the open symbols represent
results from an X-hot wire probe. The results of
the single wire probe and those of the X-wire
probe are in the range of the expected accuracy.

An anisotropic external turbulence could result
in a different mass entrainment process than an
isotropic one. Therefore the existence of quasi
isotropic turbulence in the investigated tunnel flow
was to be established. The v' and w' fluctu-
ating velocity components were measured with
X-hot-wires. The results of these turbulence
measurements are shown in Fig. 4 and 5. The de-
cay of the fluctuating velocity components +v' and
w' iny- and z-direction with increasing distance
from the leading edge is similar to that of the u'-
velocity component. However, as shown in Fig. 6,
the measurements indicated that the ratio of the
longitudinal to lateral turbulent intensities is con-
sistently larger than 1.0 for distances
X gS 1 500 mm . This result is qualitatively in
agreement with published results of anisotropic
grid turbulence. Uberoil® found by measurements
of turbulence behind a square-mesh biplane grid
made of round rods that the RMS turbulent velocity
fluctuations are characterized by
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However, in our experiment the\v ~cornponent

—.\1/2
is greater than the (W' ) -component. This result
canbe explained by the special geometry of the wind
tunneltest section whose dimensionin the z-direction
is aboutfive times of thatin the y-direction. (The
measurements of Uberoi were made in anaxisymmet-
ric nozzle. ) Asindicated in Fig. 6 the tunnel turbu-
lence has become quasi isotropic*) by a distance

of x. __,~2000mm onlyfor the small grids @
and . The turbulence generated by the largest
investigated grids and vields a fluctuating
velocity component, w' , which is smaller even at
this distance. This result is not in agreement with
experiments carried out by Portfors and Kefferl6
who found already isotropic turbulence at a dis~
tance from the leading edge of about 30 mesh
lengths [30M 2 (xL ~ 600 mm)] . Clearly, the
experimental verification of isotropy depends upon
the accuracy to which the three components of tur-
bulent intensity can be determined. In Ref. 16 it is
demonstrated that the experimental results depend
strongly on the applied measuring technique and
data reduction procedure. However, the authors

of Ref. 16 found that for distances x,/M = 20
(where x is the distance from the grid to the
measuring station) the ratios of the longitudinal to

—=1/2 f——=\1/2
lateral components (u'z) / (w'z) are great-
er than unity, while the RMS-values of

—3 1/2 -5 1/2

(u' ) /(-v' ) are considerably smaller than
unity. This was found neither by Uberoi*® nor in
the here described experiments.

If simple theoretical relations for the decay of

the turbulence intensity Tu1 = u'2/U are to

He applied, the distance from the virtuaal) origin, at
which Tu1 = oo, to the grid has to be known.

In order to find this virtual origin it was as-
sumed - following Rottal? . that the decay of the
RMS-values of the measured longitudinal velocity
fluctuations (u'z) is proportional to (xLE)_n
Comte-Bellot and Corrsin!8 found values for n
in the rangeof n=1.2 and n=1.3., In Fig. 7

—35y\-(1/n)
the calculated values of (u’ ) , Where
n =1.3, for the four different investigated grids
are plotted versus the distance from the leading
edge g The points were approximated by

# Actually, true isotropy requires more than
equality of the intensity components alone.
Their energy spectra must be related through
the isotropic expressions over the complete
wavenumber range of turbulence. This analysis
was, however, not carried out.
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Fig. 7 Evaluation of the virtual origin X0 of
turbulence for different grids (n =1.3)

straight lines and the distance x from the grid
to the virtual origin was found to be approximately
500 mm . The slope of the straight lines in Fig. 7
indicated that the measured turbulence data for the
different grids could be correlated by multiplying
the distance (x, = + X o) by the grid-para-
meter M/d. The result is shown in Fig. 8. The
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Fig. 8 Decay of the turbulence level Tu1 down-
stream of different grids (n =1.3)

decay of turbulence intensity of all three grids can
be correlated and described by the relation

%] ) (23)

(Tul)‘z/“ = 0, 193[(xLE +x,)

4. 2 Boundary Layer Mean Flow Measurements

Boundary layer velocity profiles were measured
along the center line of the tunnel sidewall (com-
pare Fig. 1), The measurements were made at con-
stant pressure along the plate and a free stream



velocity of U_ = 20m/s, for three different dis-
tances from the leading edge. The experimental
data were reduced and analyzed so that the effects
of the external turbulence level on the boundary
layer development could be studied and compared
with theoretical results. The ''integral'' proper-
ties were calculated using the approximated theo-
retical profiles obtained from the procedure de-
scribed in Section 2. 4. 2. The advantage of this
procedure is that the extrapolation from the last
measured point towards the wall is physically
meaningtul and not arbitrary. The integral proper-
ties obtained from measured boundary layer pro-
files at three different distances from the leading
edge, using four different grids for each station
are compiled in Table 1. First of all the change

of the profile due to increasing free stream turbu-
lence shall be considered.

In Fig. 9 two velocity profiles are shown which
were measured at a distance of 1.150 m from the
leading edge at free stream turbulence levels
Tu, =0.454 and Tu, = 1.13 4. With increasing
external turbulence the profile becomes fuller. The
measured profiles are compared with calculated
ones in accordance with Eq. (6). The empiricalcon-
stants 7 and 7, as well as the boundary layer
thickness and the skin friction coefficient are ob-
tained by the statistical analysis described in Sect.
2. 4. 2. For all calculations the von K&rmén con-
stant was assumed to be invariant (x = 0. 4).
From Table 1 the corresponding integral thickness
6;- 52 show an overall slight decrease with in-
creasing external turbulence. However, no unique
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Fig. 9 The influence of external turbulence on the

mean velocity profile development

tendency is apparent if the integral thickness at in-
termediate turbulence levels are considered. The
actual reason for this is the fact that the change
of the velocity profile due to change in Tu1 is
small. This is demonstrated by plotting for the
same two profiles the local momentum loss versus
the distance y (Fig. 10). It can be seen from this
figure that the smaller local momentum loss of the
fuller velocity profile at Tu = 1.13 4 is partly
compensated by the increase of the boundary layer
thickness. The application of various techniques
for the estimation of the boundary layer thickness
can result in errors of the calculated integral thick-
nesses which are of order of expected effects due
to the change in the turbulence level. However, it
is clear from Table 1 that the shape parameter

Table 1 Results of boundary layer profile measurements (Uoo = 20 m/s)
. ' 1a3
X E [mm] Grid Tu1 [€] 6 [mm] 51 [mm] 8, [mm] le [-] ¢y 107 [-] 7 [-]
- 0. 04 18,75 2.923 2. 053 1. 424 3. 037 1.598
©) 0. 51 18.51 2.904 2. 035 1. 427 3. 034 1.626
850 ® 0. 63 18,78 2.912 2. 049 1. 422 3. 047 1.566
® 0.92 19. 99 3. 000 2.133 1. 406 3. 081 1. 403
® 1,29 18.93 2. 840 2. 018 1. 400 3.131 1. 307
- 0. 04 22,53 3.514 2. 477 1. 419 2. 890 1.722
©) 0. 45 23. 38 3. 634 2. 571 1. 417 2. 871 1.716
1150 ® 0. 55 24. 59 3.784 2. 683 1. 411 2. 858 1. 691
® 0. 83 24,173 3.704 2. 648 1.399 2.921 1.524
® 1.13 23.99 3. 501 2. 519 1.390 3,012 1.346
- 0. 04 217. 20 4, 088 2.925 1.398 2. 842 1. 203
©) 0. 40 26. 21 3.978 2. 835 1. 403 2. 854 1.635
1450 ® 0. 49 27.57 4,278 3. 055 1. 400 2. 860 1.516
® 0.76 28.92 4. 233 3. 053 1. 386 2. 868 1. 470
@ 1. 02 28, 11 4,075 2.946 1.383 2,912 1. 383
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Fig. 10 The local momentum loss in a boundary
layer at two different free stream turbu-
lence levels

H12 shows a unique tendency, it is steadily de-
creasing with increasing free stream turbulence.

The Law of the Wall representation, U /u
versus the dimensionless wall distance y*’yu /v,

clearly indicates an influence of Tu, on the so-
called wake region of the boundary layers. In
Fig. 11 again the two measured profiles are com-
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x g =N50mm
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[

«~== Calculation,Eq. {6}
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2 U 3
102y Y 10

0
100 10!

Logarithm representation of mean veloc-
ity profiles for two different free stream
turbulence levels

Fig. 11

pared with each other and with calculated ones.
The wake component 7 decreases for the two
profiles with increasing Tu, from 7=1.74 to
7 =1.35, and would go to zero for even larger
values of Tu. This effect of Tu on the bound-
ary layer profile appears more clearly in the de-
fect law representation, Fig. 12. The velocity de-
fect (U_ - U)/u_ is plotted versus yu_/(8,U ).

T e e o)
The values for ¢, and § were obtained from
the calculated profiles shown in Fig. 11. It can be
seen from Fig. 12 that the universal Law of the Wall
and its concept of a single-parameter velocity pro-
file can be applied to the velocity defect defined as
follows:
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Fig. 12 Measured velocity defect profiles of a
turbulent boundary layer at different tur-
bulence levels compared with calculations
based on Eq. (25)

Uoo -U yu_
= @( ) . (24)
Y 6IUOO
The constant K in
U -U yu u
® 1 T T
= " In TR + K(——U ) (25)
T 1 (o)

was derived from the drawing. It becomes almost
zero for the turbulence level Tu, =1.134%. Inor-
der to get some general information about the re-
sults given in Table 1 the analysis of J. E. Green®
was applied. Essentially he calculated the shape
parameter G (Eg.(19)), from Huffman's et al ex-
perimental results given in Ref. 3. The variation

of G with u‘z/uT was compared with a linear
function following Eq. (20), (see Fig. 13). At first
Experiments: | x; g Imi| Tul) [Ueo Imis]i  Hi2
oao  |850-1750], , _ N
Present Results | x;e= 300 004-13] 20 [|142-1.38
Huffman 550 - 750] 5 q-
et al. ] Axie=50 09-12] 43 13
8‘—‘%-;::* - e s ns —_
B o '
G g _U_%b—.%a\\
L T
71 L—No Grid (Tuy-0.04%) .-
6=Ggi1-§ Vi)
5 Calcutations:
| Go [ Ny
-—=18.10] >02
~ml7.65] <0.2
| —[640[ > 02
0 .
0 0.1 0.2
V2
- (_2) V M_T!
) t Uy
0 05 10 15 Tu[l] 20
=3
Tuy =] =3 3.
M l/ﬁ;z , leg=30x1073=const.)
Fig. 13 Theinfluence of changes inthefree stream

turbulence on the shape parameter G



glance there is a considerable difference between
Green's results and ours. But the main deviation
is due only to the different profile families which
were investigated. While Huffman's? et al and Car-
nay's® et al experiments were performed in wind
tunnels with approximately square test sections,
the tunnel we used had a rectangular test section.
The shape parameters of Refs. 3 and 5 are in the
order of H,_ ~1.3 while we got values of

~ 1.4 . No explanation can be offered for the
relatively high values of G_. However, the
measurements of Ludwieg and Tillmann!? and of
Wieghardt (collected in Col.es20 Stanford Confer-
ence Data Compilation) were performed in a simi-
lar rectangular tunnel, and show almost identical
values of the shape parameter le .

The maininformation we canobtain Fig. 13 is that
the suggestion of a linear increase of G with de-
creasing turbulence level Tu <14 is not con-
firmed by the experimental results. Bradshaw's
argument namely that uncorrelated disturbances
contribute as mean squares rather than ags RMS-val-
ues and that therefore at turbulence intensities innor-
mal subsonic wind tunnels (Tu <14) the effect

2 ( 2)1/2
should vary as u'" rather than as \u'
supported through these results. The fact is that
values of G obtained at very low turbulence lev-
els (Tu, ~0.044) are sometimes even smaller
compared to G-values obtained from profile meas-
urements using the smallest grid. This leads tothe
supposition that the turbulence structure of the
boundary profile is changed due to external artifi-
cial turbulence. It is indicated in Fig, 13 that the
G-values for Tu, >1.04% can be approximated
using the same linear curve fit proposed by Green,

1/2
while for the range 0 < ) /u < 0.2 a
quadratic law should be used However if the per-
centage deviation of the shape parameter
G -G )/Go instead of G is plotted versus

Y

(u' ) /u , Huffman's and our measurements
will match with each other, as demonstrated in
Fig. 14. The shape parameter G0 at quiescent
air flow has to be evaluated using an extrapolation
to Tu, =0 of G-values computed from measured
profiles. In our case Go was taken to be 8.1

(compare Fig. 13). The experimental data for

(3 1/2
Tu, <14, (u' ) /uT =~ 0,26 , were approximat-
ed using a curve fit following the relation

- 2
G- Go (u‘z)l/2
——E———=-0.72 - 0, 047 > (26)
o T
while a linear curve fit of the data for Tu>1 ¢

led to nearly the same result as proposed by J. E.
Green.

The skin friction coefficients obtained from the
profile analysis show of course almost the same
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Fig. 14 Percentage deviation of the shape parame-
ter with decreasing turbulence level

trend as the G-values. Thus it seemed to be useful
to prove these results applying a direct measuring
technique. Despite the limitation of the Preston
tube technique, this method did allow us to obtain
fast qualitative results®*/. In Fig. 15 it is indicated

6 ocy from Profit Analysi
4}acy Preston Tube
2
0
-2
6
— 4
&
= 2
03 0
g2
S -2
i 1
v 4
sle
<gjo 2
0
-2 65 T 15 20
B e Tu,:mu«; V2]
Fig. 15 Comparison of skin friction values ob-

tained from profile and Preston tube
measurements

that skin friction coefficients measured with a Pre-
ston tube give the same qualitative results as ob-
tained from the profile analysis**). The change in
the skin friction coéfficients with increasing Tu

. . : 1
can be described in the following forms:

*
) These measurements were performed by

R. Fleeter, a student at Brown University,
during a two month leave at the DFVLR-AVA,

Gottingen.
k) For the data presentation in Fig. 15, 'I‘u:l =
= 0. 04 was taken as Tu1 =0.



Ac -(C
f f'Tu=0
-f—-= =1.9 Tu? , for Tu, <14 ,
( Ve - 1 1
fTu—o
27
and e
Acf
E;—=3.8Tu1-1.9 , for Tu1>1% . (28)

This is confirmed by comparisons of other predic-
tion methods with the experimental results as de-
monstrated in Fig. 16. Obviously both prediction

Experiments:| x;lmm] | T [Uo| Hip
oan 850-1750]0.04 - 1.3} 20 |1.42-1.38
ec' MJ!—Q- =48 Ty {JE. Green)
0.10p——teCf —=
A‘ 2812384 Tuy (Y. Aihara) \, —
0.0 ]
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o Ac 2 Act/ .
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LHp_ o9ty ;
AHp (Hizlo 03 Ty ) AH\Z 18T+ 09
Hizlo 0'"'0‘5-.5 of‘}h :
0.025] AH bt
‘ ™ ‘)2 2-2.43 Ty
-0.050 12% {y. Aihara)
U0 0Ss 10 15 20
Tuy[%)
Fig. 16 Comparison between the measured and

calculated influences of increasing turbu-
lence levels on the skin friction and shape
parameter

methods described in Chap. 3 overestimate consid-
erably the influence of Tu, on Cp for values

Tu1 <14. For Tu, >1 4 our projected slope
is in close agreement with that of Y. Aiharab. In
Fig. 15 the expected decrease of the shape para-
meter H with increasing Tu is confirmed,
as well }}owever, again an overestimate upon ap-
plying the prediction method of Y. Aihara can be
observed. These experimental results were also
approximated by curve fits following the relations

AHpp Hyp - Wyiglpys,
| T ) —-OSTu , for Tu1<1%
12% 12" Tu=0
(29)
AHIZ
————— = .8 .
(le)o 1.8 Tu; x 0.9 , for Tu, >14  (30)

which describe the physical behaviour of the bound-
ary layer development at low turbulence levels in a
more sophisticated manner.

5. Summary of the Results and Conclusions

The results of the experiments can be summarized
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as follows:

The grid generated turbulence in the rectangu-
lar wind tunnel was even beyond distances of
200 mesh sizes still only quasi isotropic.

The boundary layer velocity profiles measured
at three different distances from the leading
edge and different turbulence levels Tu1
(0,044 < Tu1 < 19 were successfully ap-
proximated by claculated profiles based on the
Law of Wall and the Law of the Wake.

The calculated integral thicknesses 51, 62

did not show a unique trend with respect to
changes in the turbulence level Tu, . How-

ever, the shape parameter H, = 61/52 de-
creases as ’I‘u1 increases.

The most significant result seems to be that the
influence of the external turbulence on gross
boundary layer properties decreases consider-

ably for Tu < 1 4. Thus it is proposed to ap-~

ply relations in this region in the form

1 +O(uiz) while in the region Tu; > 1 % a
1/2

linear relation in the form 1 + O(u‘z)
may still be used.

The percentage deviation of the skin friction
coefficient ¢, and the shape parameter H

at 0< Tu; <1 ¢ compared with values ob-
tained at quiescent flow conditions are listed
for convenience in the following table:

Eq. (27) Eq. (29)
0.2 0.08 - 0.04
0.5 0. 48 - 0,23
. 1.90 - 0.90

The experimental investigation has led us to follow-

ing conclusions:

Turbulence levels in low speed wind tunnels of
less then 0. 2 per cent have no measurable in-
fluence on the skin friction coefficient and the
shape parameter. This result qualitatively is
in agreement with results of Schubauer and
Skramstad 2! about the influence on the critical
Reynolds number on a flate at zero incidence.

According to the experiments, uncertainties
exist as to whether the basic structure of the
boundary layer is altered even by the installa-
tion of very small grids. A study of the length
scale distribution as well as a frequency anal-
ysis of the boundary layer should clarify this
problem.



- No information was obtained concerning the in-
fluence of low external turbulence on the transi-
tion from laminar to turbulent boundary layer
flow, nor has the additional influence of pres-
sure gradients in flow direction been explored.

- It is clear that although we are dealing with
two-dimensional boundary layers, theturbulence
is a three-dimensional phenomenon. For this
reason, further research should encompass
problems encountered in three-dimensional ex-
ternal flow effects.
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