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Abstract

This experimental investigation deals with the influence of turbulence intensities 13% and a ratio of integral length
scaleA11 to boundary layer thicknesgg 5 smaller than two on an axisymmetric turbulent boundary layer with zero pressure
gradient. The free-stream turbulence was generated by jets injected normal to the flow upstream of the test section. The
boundary layer had a Reynolds number range X0&®s, < 2700. Skin-friction measurements were performed using oil-film
interferometry, Preston tubes and wall hot-wire probes. Mean and fluctuating velocities were measured by hot-wire anemometry
and Reynolds stresses, triple correlations and spectra were evaluated. The free-stream turbulence increases the skin friction by
up to 34% and considerably changes both mean and fluctuating velocity distributions in the outer region of the boundary layer.

0 2003 Elsevier SAS. All rights reserved.
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1. Introduction

Free-stream turbulence (FST) is an important boundary condition for boundary layers in that it can accelerate transition in
laminar boundary layers (e.g., Roach and Brierly [1]) or that it can reduce or even eliminate closed reverse-flow regions in a
separated turbulent boundary layer (e.g., Kalter and Fernholz [2]). Besides changes in the turbulence structure of the boundary
layer one of the most important effects of FST is the increase in skin friction and heat transfer.

The influence of free-stream turbulence on zero-pressure gradient turbulent boundary layers has been investigated in detail
by Hancock and Bradshaw [3,4] and Blair [5,6], among others, for free-stream turbulencellgvel¥% and by Thole and
Bogard [7,8] forTus < 20%. Free-stream turbulence levels up to 7% are generated in general by bar grids. They disturb the
main stream but flow uniformity in the test section occurs within a reasonable distance downstream without too large a loss of
the FST level. For higher FST levels, as occur for example in gas turbines, much stronger turbulence generators are necessary
(for a survey see Thole et al. [9]). One such device (e.g., Thole and Bogard [8]) uses air jets normal to the mainstream flow. The
turbulence level can be set by controlling the jet momentum. The disadvantage of this method is that the resulting main stream
flow is highly non-uniform. It is therefore essential to strike the correct balance between the flow uniformity which increases in
the downstream direction and the FST which decays.

Earlier investigations have shown that the effect of FST depends significantly on both the free-stream intensity and a
length scale ratio, for example thecomponent streamwise integral length scalg (see Section 3.2) and the boundary-layer
thicknesSigg 5. The effects of FST on the boundary layer were found to be strong, if theAaiitsgg 5 is about one (Hancock
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and Bradshaw [3]). The results in the present paper are designed to show the effects of varying the free-stream turbulence

level Tus = (u/z)al/z/ Us when A11/8995 is close to one. The ratio of the boundary-layer thickrfigss; to the radius of the

test section corresponding Res, ~ 2000 was 0.13 foifu; = 0.8% and 0.31 fofTus = 12.9%. It is unlikely that curvature

effects play a role, since agreement of mean velocity profiles and skin friction with the data of Hancock and Bradshaw [3] in a
turbulent boundary layer with free-stream turbulence on a plane wall is good. As for high free-stream data the tendency of our
measurements agrees with those of Thole and Bogard [8].

This experiment aims at investigating the influence of FST leVajs< 13% on a zero-pressure-gradient boundary layer
which also provides the initial conditions for a highly-accelerated boundary layer (to be described in a subsequent paper).
It complements the investigation of Thole and Bogard [8] by providing measurements in the immediate vicinity of the wall
(y* & 2), at higher Reynolds numbers, and of skin friction. The latter data were obtained by three different techniques: oil-film
interferometry, the wall hot wire and the Preston tube. This allowed estimation of accuracy of these techniques and confirmation
of the logarithmic law at high FST (see Fig. 9). The experimental results are presented in the scaling used for a canonical
boundary layer at low FST levels and are therefore easy to compare with the data presented by Fernholz and Finley [10], for
example.

2. Experimental facility and measuring techniques

The experiments were performed in the low-turbulence wind tunnel of the Hermann-Féttinger-Institut. The wind tunnel is a
closed return facility with a centrifugal fan and a 15 kW motor and an additional 1 kW blower to remove the nozzle boundary
layer at the start of the test section (for details see Fernholz and Warnack [11]). The axisymmetric test section (6 m length)
consisted of Perspex pipe sections (0.44 m inner diameter) of various lengths, one of which had an elliptical leading edge (6:1)
and determined the origin of the test boundary layer on the wall of the test section. The air temperature was kept constant within
+0.1°C. The velocity in the test section was below or equal to ¥8 and could be controlled to 0.3%.

The turbulence generator was situated between the nozzle exit and the test section and consisted of a cylindrical pipe section
the wall of which had holes to inject the air jets normal to the mainstream. The air supply for the jets was provided from a
circular settling chamber (Fig. 1) and the velocity at the jet nozzle exit was uniform withi&% around the circumference.

The diameter D of the jet holes was 20 mm and their centres were 3D apart around the circumference, as suggested by Thole
and Bogard [8]. A perforated metal cylinder along the centerline of the turbulence generator and an adjacent perforated metal
cone served to smoothen the jet interaction and the mean velocity distribution. For the generation of the FST the ratio of jet

to mainstream velocity was varied between 0 and 6.3, generating FST levels of approximately 0.8% (case 10), 5% (case 20),

A-A

Wall with jet injection holes A

Perforated —
cylinder \ —
Inlet secondary Inlet secondary flow
flow Screen Settling chamber

Fig. 1. Turbulence generator upstream of the test-section inlet.
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Fig. 2. Comparison of skin-friction measured in a ZPG boundary layer with various FST levels by three different techniques
(1200< Res, < 2700).

11% (case 30), and 13% (case 40), where 0 in the case numbering denotes ZPG. The downstream end of the turbulence generator
was 265 mm upstream of the leading edge of the testiaH 0).

Mean and fluctuating components of the velocity were measured using miniature single and X-wire probes with the stem
(3 mm diameter) protruding through plugs in the test wall. The prongs of the crossed-wire probe were mounted at the corners
of a square of side length 1.5 mm and the tungsten/platinum wires, gold plated at the ends, had an active length of 0.55 mm and
a diameter of 5 um.

The constant-temperature hot-wire anemometer was an IFA 100 from TSI and data acquisition was achieved using a PC with
a 16 bit A/D converter on a data acquisition board. The probes were traversed using an electrically driven traverse gear with an
incremental resolution of 0.001 mm. Probe access was through an interchangeable plug in the wall of the test section. 524 K
samples (at a frequency of 20 kHz) were taken for all velocity measurements. For the wall hot wire the sampling frequency was
20 kHz (1048 K samples).

Skin friction was measured by means of Preston tubes (diameter between 2 and 4 mm), wall hot-wire probes and by oil-film
interferometry. The two probes were each integrated into one of the interchangeable plugs in the test wall (see Fernholz and
Warnack [11] for details). The wall hot-wires were 0.090 mm away from the wall# 2) and they were calibrated by means
of the Preston tube at loWus with the Patel [12] calibration curve. Details of the oil-film interferometry method were given
by Fernholz et al. [13], for example. Fig. 2 provides the comparison of the three methods. The skin fijcticas made
dimensionless witlps UB2 at the measuring statiow & 1.552 m) and the skin friction coefficieaty = 27,/ o5 U{s2 was plotted
againstTug.

If one accepts that the determination of the skin friction by the oil-film interferometry lies within an error babdd6f
then the wall hot wire data fall within this range and the Preston tube measurements are slightly higher. This can be explained
by the nonlinear behaviour of the Preston tube which was calibrated originally in a boundary layer with low FST (Patel [12])
and is used here under the influence of high FST where the turbulence structure changes, e.g., the skewness and flatness of
the fluctuating skin friction are higher (Fig. 16). For these measurements, the Reynolds Regberied between 1200 and
2700.

The turbulence generator was optimized to achieve an approximately uniform distribution of the fluctuating wéliocity
a region between 50 and 100 mm normal to the wall (see Fig. 3) which determined the free-stream turbulence level for the
boundary layer. In the centre region of the test section the mean velocity distributions show a wake-like behaviour and the
fluctuating velocities a plateau for cases 10 and 20 and almost uniform distributions for cases 30 and 40 (Fig. 3) (for details see
Stefes [14]). Both wakes and plateaus level off in downstream direction. Fig. 4 shows the d&@ogyabh heighty =75 mm
above the test wall for the four cases and for one bar-grid case for comparison. The first boundary layer profile was measured
at x = 0.828 m where the turbulence is already decaying according to the usual exponential law with expdnemisen
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Fig. 3. Distributions of the mean velocity and the turbulence intensity in wall-normal direction at two stations in streamwise direction for a high
FST level (case 40).
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Fig. 4. Decay of free-stream turbulence level for the four cases in streamwise directiea 28 mm above the test wall (lines are for visual
aid only).

—0.63 and+0.22 (no free-stream turbulence). It should be noted that bar-grid generated turbulence has a faster decay rate in
streamwise directiom(= —0.74) than the comparable turbulence generated by the present turbulence generator.

Earlier investigations have shown that the effect of the FST depends both on the free-stream intensity and a length scale
of the turbulence in relation to the boundary layer thickn®gs;. As found by Hancock and Bradshaw [3] this ratio should
be near one if an integral length scale is chosen, for example;-tt@mponent streamwise integral length scalg (see
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Fig. 5. Streamwise distribution of the integral length scale ratjg/3gg 5 for the four cases 10 to 40 along the test wallgys.
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Fig. 6. Variation of skin-friction coefficient with Reynolds number and free-stream turbulenceTlgvéiumbers denotéus %).

Section 3.2). This was calculated from the measured autocorrelations and the distributions in streamwise direction for the four
cases are shown in Fig. 5. At the higher turbulence levels (cases 30 and 40) the length-scale ratio increases in the downstream
direction becauselqq increases andgg s decreases due to the falling FST level. This increase fron/dgg5 near one to

at most two may slightly affect bothy and Hy, but the present measuring methods do not allow a final statement (see Figs. 6

and 7). It should be noted that; ; was much larger for the high turbulence cases than for the low FST cases (see also Thole
and Bogard [8]). Profiles ofi11 and A1» as a function ofy/A are presented later in this paper. For a comparison with the
investigations of Hancock and Bradshaw [3] and of Castro [15] values of their length scale of the free-stream tutjuéeace

quoted. In cases 30 and 4{ /8995, as calculated from the measurements, fell in the range between 1.2 and 2.8, rising in the
downstream direction. This is in agreement with the values given by the above authors.
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Fig. 7. Variation of shape parametéf » with Reynolds number and free-stream turbulence I@ugl(for symbols see Fig. 9 and numbers
denoteTus %).

3. Discussion of the measurements
3.1. Sin-friction data and mean velocities

It is generally accepted that the skin-friction coefficientin a canonical boundary layer is a function of the Reynolds
numberRes, = UsS2/v only (e.g., Fernholz and Finley [10]). In a ZPG boundary layer with FST two additional parameters must
be taken into account, the FST leviels and the ratio of a characteristic length scale, e1q4/8995:

cy = f(Res,, Tus, A11/3995).

If the length scale ratio can be kept constant, preferably near one for an optimal effect on the boundary layer (Hancock and
Bradshaw [3])¢ s can be plotted as a function BE;, with Tus as the only parameter (Fig. 6). For a comparison with the data
whereTus ~ 0, the semi-empirical relationsship of Fernholz and Finley [10] is given. At conB&gnthe measurements show

the expected increase of the skin friction with rising valuetuf reaching a value 34% higher féus = 13% than fofTus ~ 0.

The increase of the skin frictiony, is due to the increase in the slo(@ /§y),, caused by the fuller mean velocity profile. This
again is reflected in lower values of the shape paraméier= §1/8> (whered, denotes the displacement thickness). The
boundary layer thicknessés and é> were calculated with consideration of the radius of curvature of the test wall (for the
definitions see Fernholz and Warnack [11]). Fig. 7 presents the relationghip- f (Res,) for Tus ~ 0 given by Coles [16]

in comparison with measurements Bf , at different values of the FST level. Measurements from a boundary layer with bar-
grid generated turbulencdys ~ 4%) complement our data well (Hancock and Bradshaw [3]), showing that the generation
mechanism of the FST produces a similar turbulence structure, at least at low levels of the turbulence intensity.

In order to compare the present results more easily with the earlier measurements of Hancock and Bradshaw [3] as well as
Blair [6] and Castro [15] the fractional increase in skin frictidm ¢ /c ¢, was plotted against the empirical combined length-
scale-intensity variable (Blair [6]) HBB: Tus/[(L} /8995 2) (1+3-exp(—Res, /400)]. Fig. 8 shows that there is a reasonable
correlation between the increase in skin friction and the HBB parameter with a plateau beginning at abeuBKB#ch is,
however, lower than that shown by Bott and Bradshaw [17].

The mean velocity profiles are presented in inner- and outer-law scaling where the velocity was obtained by a single normal
hot-wire probe and the skin friction by a wall hot-wire probe. From among the 24 velocity distributions measured, four with
Reynolds numberBes, ~ 1800 were chosen for a comparison. Their FST l@uglvaried between 1% and 13%. Fig. 9 shows
the measurements in inner-law scaling with the linear law

+_

wt= 2 =2yt €

i
Uy v
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Fig. 8. Fractional increase in skin-friction coefficient against Hancock—Bradshaw-Blair parameter (HBB).
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Fig. 9. Mean velocity profiles in inner-law scaling at various free-stream turbulence levels.

and the logarithmic law
ut =@/)inyt +C. (2

Hereu; = /7y, /p is the skin friction velocity and the constants were chosen @50.40 andC = 5.10. The mean velocity

profiles ( Fig. 9) agree well with the log law over a distance which decreases in length withTiginghe main effect of

the FST is, however, on the outer layer wake component (see Castro [15]) for comparison), and on the outer-law distribution
(Fig. 10). The outer-law velocity distribution has the following form

ok f(Z, L Wmss ) ®)
Ur § 8 Ur Ur
which can be simplified according to Rotta [23] to
- A 8 -
”‘“”:f(l,ﬁ,m;) withA:/u‘S_udy. @)
Ur A 1) Ur

Plotted in this outer-law scaling the deviations from the velocity profile with small FST represented by the straight line (see
Fernholz and Finley [10]), are large. Thole and Bogard [8] observed a collapse of the defect velocity profiles for FST levels
above 12% which indicates a constant wake strength. This behaviour can also be anticipated from the present data. In outer-law
scaling the mean velocity profiles show similar behaviour to those in a favourable pressure gradient (cf. Fernholz and Finley
[18], their Fig. 5.2.2). In both cases the boundary conditions — although quite different — generate velocity profiles which are
fuller than in a canonical boundary layer.

Three components of the Reynolds stress tensor were meast#ed’2 and«’v’ . Scaled withu% they are presented in

inner-law scaling in Figs. 11-13. The Reynolds normal stress compo_eﬁim% is shown in Fig. 11. There is a certain degree
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Fig. 11. Profiles of Reynolds normal-stress comporfeﬁ in inner-law scaling for various free-stream turbulence levels (for symbols see
Fig. 9).
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Fig. 12. Profiles of Reynolds normal-stress comporfﬁﬁ in inner-law scaling for various free-stream turbulence levels (for symbols see
Fig. 9).
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Fig. 13. Profiles of Reynolds shear-strgsgv’ in inner-law scaling for various free-stream turbulence levels (for symbols see Fig. 9). The line
denotes data of Spalart [20] f&ey; = 1410.

of self-similarity in the linear region and the buffer laygf{( < 10), and an increase of the maximum value with rising. The
location of the maximum value differs very little from that of a low FST-level profilgat~ 15. The value otu’z/ug)max
increases by about 25% fdus; = 13% as compared withus = 1% and this must be attributed to the intrusion of the FST into
the boundary layer since the Reynolds numRey, is approximately constant. As already noted by Thole and Bogard [8] the

distribution ofv/z/uf is completely different from tha’z/ug profiles (Fig. 12). In the near-wall region all profiles collapse

on one curve, a behaviour which is certainly due to the defects of the X-wire measurements (see also Osterlund and Johansson
[19]). v'2 must of course tend to zero at the wall as is clear from LDA-measurements. A comparisonu6f-tiaed v’ 2-
distributions shows that their ratio is about 0.8 in the outer layer. Fig. 13 presents the corresponding Reynolds shear-stress
profiles which confirm the observation of Hancock and Bradshaw [3] that the Reynolds shear stress approaches zero before the
v’2 components reach their free-stream value. The profiles for the cases with the higher FST extend further out into the outer
layer than those with low FST showing the strong effect of the FST. The maximum value of case 10 can be compared with the
numerical calculations of Spalart [20]. The DNS calculations show a maximum value about 9% higher but well below unity.
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Fig. 14. Shear-stress profiles (measured and calculated) in inner-law scaeg at 1728 and two free-stream turbulence levels (Reynolds
shear-stress calculated belgw ~ 25).

The departure of the maximum value of the dimensionless Reynolds shear stress from unity is a low Reynolds number effect
as shown by Fernholz and Finley [10] from a comparison with measurements of various authors (see Fernholz and Finley [10],
their Figs. 24, 25 and 57). A further comparison with LDV measurements was given by Karlsson and Johansson [21].

In order to obtain the Reynolds shear stress distribution nearer to the wall the total shear stress was calculated from
the measured viscous and Reynolds shear stress: Qme% had reached one it remains constant down to the wall and
can now be used to calculat@’v’ by deducting the viscous shear stress /8y determined from the measured mean velocity
profile — from the total shear stress. The measured and the calculated shear stress distributions for two profiles with various FST
are shown in Fig. 14. The location at which the viscous and the Reynolds shear stress are equal is approximately at the location
whereu’z/ug has its maximum (cf. Fig. 11). The calculated distribution of the Reynolds shear stress will be used below to
determine the turbulence production.

Fig. 15 shows profiles of the skewne§s = 1’3/ (u’2)3/2 and the flatness,, = u’4/(u’2)2. The skewness was found to be
independent oRe;, for low values ofTu; (see Fernholz and Finley [10] their Fig. 66) and it is evident that there is only a small
effect of Tus on S, in the immediate vicinity of the wall and the log-law region. No effect of Reynolds number or FST on the
flatness can be observed in the log-law regis)y & 2.8) but the near-wall region is affected, with higher values for cases 30
and 40. This means that the frequency of events far from the axis increases with rising free-stream turbulence. The usual high
values ofF,,/ at the edge of a boundary layer with low FST (case 10) are absent in the other three cases due to the strong mixing
process caused by the high level of the FST (see also Kalter and Fernholz [2]).

The observation of Ueda and Hinze [22] that the positions of the maximum af’2, the minimum ofF,, and the zero
value of S,/ coincide holds also in cases where the FST level is high (see also Fernholz and Finley [10]).

The effects of the FST on the values of the fluctuating skin-friction coeffid}gni: 2%ms/ (05 U52) and its higher moments

Sz andF% are displayed in Fig. 16:’]‘. increases from about3x 103 at low FST to about & 10~3 at Tug &~ 13%. Such
an increase witflus is also evident foSr&’ and F; confirming what was found from thg, - and £, -profiles in Fig. 15. One
of the more important diffusion terms in the transport equation for the turbulent energy #9') /8y which should be affected
by the FST since the terita’2v’) accounts for the transport af2 by the wall-normal fluctuation velocity’. Fig. 17 shows

profiles of (u’2v’) normalized withu§ plotted againsy/A. It has been known from Fernholz and Finley [10] that there is no
Reynolds number similarity for this distribution at low FST levels (their Fig. 74) but dRegg is practically constant for the
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Fig. 16. Variation of fluctuating skin-friction coefficiey, skewnes§fﬁy and flatnessFrA’ with free-stream turbulence intensitys %.

four cases shown here, deviations between the distributions must be due to the turbulence intensity. The four distributions are
qualitatively similar. They show a double peak with the inner peak higher for the low turbulence case 10 (in agreement with
Fernholz and Finley [10]) and the outer peak higher for the three cases with highyF8 (0.2 corresponds to roughly 0.75

89955). This is plausible since bottf 2 andv’2 have high values in the outer layer (see Figs. 11 and 12) and it can be inferred
that the turbulent-transport mechanism for the kinetic turbulent energy is significantly affected by the FST in the outer region of
the boundary layer. For the distributions of the diffusion tém’2) in the Reynolds shear stress equation the reader is referred

to Stefes [14].
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Fig. 17. Distribution of the triple correlatiom’%’/u? in outer-law scaling at various turbulence levels (symbols as in Fig. 9).
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Fig. 18. Distribution of the production term for the Reynolds normal stress in inner-law scaling at various turbulence levels, calculated
and measured (symbols as in Fig. 9).

Another indication of the influence of the FST is the distribution of the production of the turbulent kinetic energy
(—u’v'du/dy). This term cannot be measured very close to the wall with a hot-wire probe but can be determined from calculated

values of(u’v’) as shown in Fig. 14. Measured and calculated values of the non-dimensional productiqm/ﬁeim’v’g—z

are plotted against™ in Fig. 18. Rotta [23] has shown that for low FST the production term has a maximum value at 0.25 and

that here the Reynolds shear stress and the viscous shear stress are equal in magnitude. In this scaling — and with the Reynolds
number approximately constant — the production in the inner layer is not affected by the free-stream turbulence and its influence

is confined to the outer layer. Here the production term falls with rising FST be@a/9e decreases as the result of the

fuller mean velocity profiles.
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3.2. Sectra and integral length scales

Since long time series were recorded from the hot-wire measurements, power spectra can be calculated at any location in the
boundary layer and in the freestream. The effect of the turbulence intensity on the longitudinal wave number gpggirim
is presented at a location in the log-law regioff (= 100) and in the freestreardyg 5) at four values offus each. The Reynolds
numberRes, for these velocity profiles was kept approximately constait(k1) — whereky = 27 f/i is the wavenumber —
is usually scaled by?2n = (ev®)Y/4 and plotted againsty; = k1 (v3/¢)Y/4. Herey denotes the Kolmogorov microscals,
the Kolmogorov velocity and the dissipation of the turbulence energy. For further details of the assumptions and the derivation
of the following relationship for the dimensionless longitudinal wave-number spectrum

E
—E = F(kyn. Rey) ()
Uk n

1

the reader is referred, for example, to Fernholz and Warnack REL]= \/; - /v is the turbulent Reynolds number with
as the Taylor microscale. In this scaling two spectra are eqiRaifs the same.

Fig. 19 shows the power spectra in the freestreasggd for four different values offus. There is the expected difference
between the spectrum at low FST and those at higher FST level and a collapse of the spectra onto one curve with approximately
equal turbulence Reynolds number. This and the following two figures contain dashed lines which characterize the inertial
subrange of the equilibrium spectrum ¢ k*5/3), at higher wavenumber€(~ k~7) and in the lower wave number range
(E ~ k~1). For details see, e.g., Hinze [24]. The spectrum with low FST andiewdeparts earlier from thie=>/3 behaviour
than the three others. Further, a comparison with the spectrum measured at low FST by Sandborn and Marshall [25] and
presented in Warnack and Fernholz [26] (their Fig. 22) shows thagat= 400 the spectra with the high FST level extend to
higher values showing the influence of the FST in the range of the lower frequencies.

At the beginning of the log-law region (Fig. 20) the influence of the FST is rather small. Within the rangeR&0< 305
the four spectra collapse over two decadesaf and differ only slightly in the low wave-number region. The agreement with
thek—5/3 law is reduced to a small range, as is to be expected, and that Whtls increased. We should note here that a direct
comparison with the spectra measured by Thole and Bogard [8] is not possible since they used different scaling. In our case,
spectra very close to the waljt ~ 15) were not presented since the Taylor hypothesis presumably does not hold because of
the high turbulence level.
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Fig. 19. One-dimensional spectra in Kolmogorov scalindpgt at various free-stream turbulence levels and approximately corRegnt
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Fig. 21. Distribution of the dimensionless integral length sctde/A in outer-law scaling at various FST levels and consRegt .

The behaviour of the large structures under the influence of the various levels of free-stream turbulence was investigated

by measuring the autocorrelatigty and the space correlation of in the wall normal directiomﬁi,. These quantities were
used to determine the integral length scales in the boundary layer

T Yo+Ay
AT=/RT dr and Agp= / RS d(Ay). (6)
0 Y=Yo
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Fig. 22. Distribution of the dimensionless integral length scéde/A in outer-law scaling at various FST levels and consRegt .

The integral length scaled1; = A - i and A1 were then plotted in outer-law scaling with the Rotta—Clauser lengts
the characteristic boundary-layer length scale. The momentum-loss thidknessild have been another suitable alternative
length for normalization.

Figs. 21 and 22 show that integral length scales in bothxthand y-directions with distance from the wall and with
increasing turbulence intensifius (see also Thole and Bogard [8]). The distributions/gf; (Fig. 21) have a maximum —
approximately at the same value pfA — before they decrease again to the values of the free-stream. For the low turbulence
case an increase of11/A is observed at the outer edge of the boundary layer which is caused by the shear layer originating
at the trailing edge of the turbulence generator upstream. The integral lengtimgedlé in the normal direction to the wall
increases by a factor of about two from the inner to the outer region of the boundary layer irrespettiy€rog. 22) and the
size of the coherent structures differs by about a factor six between the low and the high turbulence across the boundary layer.
This means that both length scalés, and A1, are greatly influenced by the FST.

4, Conclusions

Measurements of mean and fluctuating velocity profiles and of skin friction were performed in an axisymmetric turbulent
boundary with zero pressure gradient and free-stream turbulence intensities in the rafiige 4 13% at the first measuring
station. The ratio of the integral length scalg in the free-stream to the boundary layer thickn&gss; varied between about
0.5 and 2 in the streamwise direction.

The high level of free-stream turbulence was generated by jets injected normal to the flow, the momentum of which was
varied to set the turbulence level in the test section, following Thole and Bogard [9]. The data of two often-used techniques
to measure skin friction, the Preston tube and the wall hot wire, were compared with those of a direct and absolute method, oil-
film interferometry. The results compare well within the uncertainty range of the techniques. At the same ReynoldRagmber
the FST increased the skin friction at most by 34% under the present conditions. The skin friction data correlate satisfactorily
with the Hancock—Bradshaw-Blair parameter. The increase in skin friction is related to the increased mixing by the FST that
penetrates into the boundary layer and which thereby reduces the mean velocity gradient in the outer region, resulting in a
fuller profile. The mean velocity profile agrees with the linear law and the logarithmic law in the inner region of the boundary
layer independent ofus. The FST affects significantly the wake parameter and the mean velocity distribution in outer-layer
scaling due to Rotta [23]. The distribution of the mean velocity is affected in a similar way as by a mild favourable pressure
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gradient. There appears to be convergence of the mean velocity profiles for FST levelJabsvE0% as observed by Thole
and Bogard [8].

Plotted in inner-law scaling the distributions of the Reynolds normal stress compoﬁéhﬁ% collapse on to each other
in the viscous sublayer and the lower part of the buffer layer (note the almost coRsjghbut their peak value increases by
about 25% fofTus ~ 13% as compared witfus ~ 1%.

The Reynolds shear stress profiles extend further out into the outer region of the boundary layer with increasing FST but
this does not lead to a higher production of Reynolds normal stress&iriée is smaller. In inner-law scaling, as suggested
by Rotta [23], the production in the inner layer is practically not affected by the FST.

The effect of the FST on the distributions of the flatnéys is to eliminate the high values at the edge of the boundary
layer, i.e., the boundary layer contour is much smoother. The flaffgsshows higher values in the vicinity of the wall with
increasing FST and this behaviour is confirmed by the equivalent vaILIélsyoﬁeasured att ~ 2 by the wall hot-wire probe.

Power spectra11 plotted in Kolmogorov scaling show the expected behaviour in the freestream, different from that in the
log-law region where differences due to the FST level are confined to the low wave-number range. The data will be available
from the first author in about 2004.
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