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Abstract

This experimental study investigates the effect of high free-stream turbulence intensityTuδ � 13% on a turbulent boundar
layer in a strong favourable pressure gradientK = (ν/u2

δ )(duδ/dx) � 3.6× 10−6. The Reynolds numberReδ2 at the beginning
of the favourable pressure gradient (FPG) is about 1200. The pressure gradient and the free-stream turbulence (F
the development of the boundary layer, but the decay rate ofTuδ in the streamwise direction depends both on the magni
of the initial level ofTuδ and on the pressure distribution. Therefore, two boundary layers were investigated in detail w
same pressure distribution but with different initial levels of FST. The investigation showed that only a high FST level r
the relaminarization of the boundary layer which occurred without FST and less so at small FST. Extensive hot-wire a
friction measurements were made and the data comprise mean velocity profiles, Reynolds stresses, velocity correlation
length scales and power spectra for the streamwise velocity component.
 2004 Elsevier SAS. All rights reserved.
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1. Introduction

Strong favourable pressure gradients, high levels of free-stream turbulence and Reynolds-number effects domina
haviour of boundary layers in gas turbine engines. The state of the boundary layer can be laminar,transitional, turbulent o
relaminarescent and the pressure distribution affects the decay of the FST level in streamwise direction. This rende
termination of heat transfer and skin friction a rather difficult problem and its solution has high priority for many pr
applications. In order to facilitate a solution of this complex problem investigations always dealt only with the influe
selected parameters of the problem.

Since the heat transfer rate is greatly different in laminar and turbulent boundary layers much attention has been
on how FST affects transition both in zero pressure gradient (ZPG) and favourable pressure gradient (FPG) boundary la
(e.g. Abu-Ghannam and Shaw [1], Roach and Brierly [2], Mayle [3], Blair [4,5], Mayle et al. [6]). The effect of FS
two-dimensional incompressible turbulent boundary layers with zero pressure gradient has been investigated, for ex
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Table 1
Parameters of the four cases at the first measuring stationx = 0.828 m and the maximum acceleration parameterK at stationx = 1.453 m
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Case rjet Tuδ [%] δ99.5 [mm] δ2 [mm] Reδ2 H12 cf × 103 Kmax× 106

1 0 0.8 17.7 1.85 993 1.47 4.21 3.54
2 2.5 5.0 47.0 3.85 2019 1.35 3.97 3.35
3 4.4 10 68.5 3.64 1822 1.27 4.64 3.51
4 6.3 13 68.5 3.31 1732 1.25 4.89 3.64

Fig. 1. The (cf ,Reδ2)-plane for FPG boundary layers with laminarescent behaviour (Cases 1 and 4).

Blair [7,8], Castro [9] and Hancock and Bradshaw [10,11] using bar-grid generated FST with intensitiesTuδ � 8%. In gas
turbines, FST levels of up 20% are possible (Mayle [3]) and therefore new ways had to be found for laboratory experi
generate much higher levels of FST than can be obtained from bar-grids (for a survey see Thole et al. [12]). Thole an
[13,14] developed a turbulence generator which uses air jets injected normal to the mainstream flow, a technique which
FST levels of up to 20% and investigated a turbulent boundary layer with ZPG. There are far fewer experiments dea
the joint effect of FST and a favourable pressure gradient on a boundary layer fully turbulent on the test wall. The two t
investigated by Blair [4] showed no transition effects without FST. Rued andWittig [15] consideredboundary layers subject t
favourable pressure gradients and cooling of the wall with the acceleration parameterK as high as 5.7× 10−6 andTuδ � 11%.
Reδ2 at the start of the FPG is not given but estimated to be in the low Reynolds number range. In a more recent stud
and Simon [16] investigated boundarylayer transition on a concave wall under strong acceleration conditionsK � 9.7× 10−6,
for Tuδ � 8% andReδ2 = 275 at the inlet to the test section (no truly turbulent boundary layer).

Warnack and Fernholz [17] – henceforth denoted WF – carried out measurements in highly accelerated fully t
boundary layers with very low FSTTuδ � 0.1% and found relaminarization of the boundary layer. This is the third c
of three archetypes of reverting flows suggested by Narasimha [18] where a turbulent boundary layer is subjected
acceleration. Reversion to laminar-like flow occurs predominantly by the domination of pressure forces over slowly res
Reynolds stresses in the outer region. Thisscenario has now been extended by adding FST as an additional parameter. T
present experimental study uses approximately the same flow conditions as WF [17] and investigates the combined
strong favourable pressure gradientK � 3.6× 10−6 and four upstream FST levelsTuδ � 13% on the streamwise developme
of an axisymmetric boundary layer and its tendency towards relaminarization. In order to separate the effects of acc
and FST a series of tests at the same FST levels were conducted in a zero-pressure gradient boundary layer in the
section (Stefes and Fernholz [19]).

Two of the four cases measured in the accelerated flow (Case 1 with low FST and Case 4 with high FST) are dis
more detail in this paper (for Cases 2 and 3 see Stefes [20]). Some parameters of the four cases at the first measuring
given in Table 1.

The development of the skin-friction parametercf = 2τ̄w/(ρδu
2
δ ) and the Reynolds numberReδ2 = δ2uδ/ν (Fig. 1) com-

pared with their relationships in laminar and turbulent boundary layers with ZPG and low FST presents a useful first o
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(see also WF [17] and Volino and Simon [16]). Due to the acceleration and the FST the skin friction is higher than in a ZPG
keeps
ase 1.

es,
rbulence

is a
dary
length)

ge (6
ant within

ent body
edge (cf.
that the

e section,
blower

ir
er along

of the jet

generated
0.265 m

n 50 and
egion of
r Cases 1
h, wakes
boundary layer in both cases. The decrease ofcf is considerably stronger in Case 1 than in Case 4 where the high FST
the mean velocity profiles fuller andcf higher. So the boundary layer is kept further away from relaminarization than in C
Both boundary layers relax tocf -values of a ZPG flow in the downstream region of the test section.

Besides the mean flow quantities, this investigation presents the development of the Reynolds normal and shear stress
of some higher moments of the fluctuating velocities and the wall shear stress, of the integral length scales, of the tu
production and of the spectra.

2. Experimental facility

The experiments were performed in the low-turbulence wind tunnel of the Hermann-Föttinger-Institut. The wind tunnel
closed return facility with a centrifugal fan and a 25 kW motor and an additional 1 kW blower to remove the nozzle boun
layer at the start of the test section (for details see Fernholz and Warnack [21]). The axisymmetric test section (6 m
consisted of Perspex pipe sections (0.44 m inner diameter) of various lengths, one of which had an elliptical leading ed: 1)
and determined the origin of the test boundary layer on the wall of the test section. The air temperature was kept const
±0.1 ◦C. The flow velocity at the entry of the test section was below 10 m/s and could be controlled to 0.3%.

The favourable pressure distribution for the four cases investigated was generated by an axisymmetric displacem
situated along the centreline of the test section (Fig. 2) with the stagnation point 1.218 m downstream of the leading
WF [17], Case 2). The displacement body was held by radial rods (6 mm in diameter) attached at the rear part so
boundary layer under investigation was not disturbed (for further detail see WF [17]).

The turbulence generator was situated between the nozzle exit and the test section and consisted of a cylindrical pip
the wall of which had holes to inject the air jets normal to the mainstream. The air supply for the jets was provided by a
via a circular settling chamber (Fig. 2) and was uniform within±1.5%. The diameterD of the jet holes was 20 mm and the
centres were 3D apart around the circumference, as suggested by Thole and Bogard [14]. A perforated metal cylind
the centreline of the turbulence generator and an adjacent perforated metal cone served to smooth the interaction
and the mean velocity distribution. For the generation of the FST the ratio of the jet and mainstream velocitiesrjet was varied
between 0 and 6.3, generating at the first measuring station the FST levels given in Table 1. For Case 1 the FST was
by the perforated metal cylinder and cone without air injection. The downstream end of the turbulence generator was
upstream of the leading edge of the test-section wall (x = 0) (for further details see Stefes [20]).

The turbulence generator was optimized to achieve a largely uniform mean velocity distribution in a region betwee
100 mm normal to the wall which determined the free-stream turbulence level for the boundary layer. In the centre r
the test section the mean velocity distributions show a wake-like behaviour and the fluctuating velocities a plateau fo
and 2 and almost uniform distributions for Cases 3 and 4 (for details see Stefes and Fernholz [19], Stefes [20]). Bot

Fig. 2. Test section with turbulence generator and centre body (not to scale).
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Fig. 3. Distribution of the free-stream turbulence levelTuδ in streamwise direction in zero- and favourable-pressure gradients (lines a
visual aid only). The vertical lines mark the beginning and the end of the convergence of the center body.

and plateaus, level off in downstream direction. The free-stream is defined here as the region in which the intensities
vary withy.

The distribution of the FST intensityTuδ in streamwise direction defined as(u′2
δ )1/2/uδ is shown in Fig. 3. The favourabl

pressure gradient enhances strongly the decrease ofTuδ and, the decay rate grows with increasing initial turbulence level.
comparison some data are also plotted which were obtained in the same test section with the centre-body removed. T
that the decay rate ofTuδ is much smaller in a ZPG mainly because the free-stream velocity remains constant. The ani

parameter(v′2/u′2)1/2 in the range of the ZPG upstream of the acceleration region settles down to values between 0.85
and 1 (Case 1) in the freestream.

Earlier investigations in ZPG boundary layers have shown that the effect of FST depends significantly on both the fre
intensity and a length scale ratio, for example theu′-component streamwise integral length scaleΛ11 and the boundary-laye
thicknessδ99.5. The effects of FST on the boundary layer were found to be strong, if the ratioΛ11/δ99.5 is about one (Hancoc
and Bradshaw [10]). This behaviour holds in turbulent boundary layers with ZPG where the boundary layer thicknes
only slowly. In an accelerated boundaryδ99.5 can vary significantly and therefore the development ofΛ11/δ99.5 needs specia
attention.

The behaviour of the large structures in the free-stream and in the boundary layer affected by acceleration was inv

by measuring the autocorrelationRτ to obtain the length in streamwise directionx and the space correlationR�y

u′u′ in the
directiony normal to the wall. From these the integral length scales

Λ11 = Λτ ū (1)

with

Λτ =
τ∫

0

Rτ dτ (2)

and

Λ12 =
�y∫
0

R
�y

u′u′ dy (3)

were calculated. In (1) Taylor’s hypothesis was assumed to hold.
Since the interactive effect of FST and pressure gradient is very different in Cases 1 and 4 the distributions of the

length scalesΛ11 andΛ12 at the edge of the boundary layer in streamwise direction are first shown in dimensional form (F
In the upstream ZPG regionΛ11 is larger by a factor of 6 in Case 4 compared with Case 1 and rises by about 40% to
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Fig. 4. Distribution of the integral length scalesΛ11 andΛ12 at the edge of the boundary layer in streamwise direction for Case 1 (LFST) an
Case 4 (HFST).

Fig. 5. Distribution of the ratioΛ11|δ99.5/δ99.5 of the integral length scale and the boundary layer thickness in streamwise direction in zer
and favourable-pressure gradients (lines are for visual aid only).

at the end of the acceleration region. In Case 1Λ11 begins with a much smaller length but increases through the accele
region by about a factor of 6. This elongation could be explained by a shift of theu′-contribution towards the low-wavenumb
end of the spectrum which is stronger in the low FST case than in Case 4 where the energy content of the spectrum i
priori at the low wavenumbers (see also Launder [22] and WF [17]). In both cases the length of the structures in thex-direction
decreases in the ZPG region downstream but rises again before it finally falls in the ZPG boundary layer. For this la
we have as yet no explanation. The wall normal integral length scaleΛ12 in Case 4 exceeds its respective value of Case 1 a
by a factor of 6 and then falls through the acceleration region to almost the same value as is reached in Case 1 in the
region with ZPG. The ratio ofΛ11/Λ12 (not shown) varies between approximately 3 at the beginning (x = 0.828 m) and 7
and 15, respectively, in the acceleration region for Cases 1 and 4.
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Fig. 6. Profiles ofΛ11/δ99.5 in outer-law scaling in a favourable pressure gradient with high (Case 4) and low (Case 1) free-stream turbule
at 4 characteristic stations in streamwise direction.

Fig. 5 presents the distribution ofΛ11|δ99.5
/δ99.5 for the four cases complementing Fig. 4. In all cases the dimensio

length scale is about one in the upstream region – as required to achieve the greatest effect of the FST on the bound
before it rises to its respective peaks. In Case 4 it should be borne in mind thatδ99.5 decreases by a factor 15 whereas in Cas
the factor is 2.5 only. Nevertheless the increase is caused by a largeΛ11 and a smallδ99.5. In the downstream relaxation regio
Λ11/δ99.5 reaches a value of 5.5 which is still far from its initial value. There is good qualitative agreement between the pre
measurements and those of WF [17] for Case 1 with low FST (note, however, the different definitions forΛ12).

Fig. 6 shows the profiles ofΛ11/δ99.5 normal to the wall at four characteristicsx-stations for Cases 1 and 4. The patte
observed for the length scales in the free-stream is repeated in the boundary layer. The coherent structures at high F
in length those at low FST by about a factor of 3 in and downstream of the acceleration region. Again, the profiles
downstream are still far from their initial profiles in both cases.

3. Measuring techniques

Static pressure was measured by a single static tap (0.70 mm diameter) inserted in an interchangeable plug whic
moved in the streamwise direction, using a slot in the test wall (for details see Fernholz and Warnack [21]). MKS Bara
CD pressure transducers were used in the ranges 0–100 and 0–1000 Pa and a HP digital voltmeter 34 970 A with an
multiplexer. For the pressure measurements 60 samples (at a frequency of 1 Hz) were taken for the average value a
the Preston-tube calibrations.

Errors in pressure measurements are less than±0.4%, giving the pressure gradient in the highly accelerated region t
accuracy of about 2.5%.

Skin friction was measured by a wall hot-wire probe which proved to be a simple and reliable measuring device for
ary layers with high FST, strong favourable pressure gradients and relaminarescent regions enclosed in turbulent fl
comparison with other techniques the reader is referred to Fernholz and Warnack [21], and to Stefes and Fernholz
wall hot wire was 0.030 mm away from the wall (y+ ≈ 2) and the probe was calibrated by means of a Preston tube wit
Patel [23] calibration curve. The wall hot wires had a ratio of active wire length l to diameterd of 200 andl+ = luτ /ν never
exceeded a value of 35. The skin-friction data should be correct within a range of±4%.

Mean and fluctuating components of the velocity were measured using miniature single and X-wire probes with
(3 mm diameter) protruding through plugs in the test wall. The prongs of the crossed-wire probe were mounted at th
of a square of side length 1.5 mm and the tungsten/platinum wires, gold plated at the ends, had an active length of 0.5
a diameter of 2.5 µm (these latter data hold also for the wall hot wire).

The constant-temperature hot-wire anemometer was an IFA 100 from TSI and data acquisition was achieved us
with a 16 bit A/D converter on a data acquisition board. The probes were traversed in general away from the wall
electrically driven traverse gear with an incremental resolution of 0.001 mm. 524k samples (at a frequency of 20 kH
taken for all velocity measurements. For the wall hot wire the sampling frequency was 20 kHz (1048k samples).
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The uncertainties in the measurements of the fluctuating streamwise and normal velocity componentsu′ andv′ are 2% and
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4. Discussion of the mean-flow data

In the following discussion of the boundary layer data attention is focused on Cases 1 (low FST) and 4 (high FS
other two cases are documented in Stefes [20].

By analogy with WF [17], a survey of the flow is given first by presenting the development of the acceleration param
K = (ν/u2

δ )(duδ/dx), the Reynolds numberReδ2 = δ2uδ/ν, whereδ2 is the momentum loss thickness anduδ the mean velocity

at the edge of the boundary layer, the skin-friction coefficientcf = 2τ̄w/(ρδu
2
δ ) and the shape parameterH12 = δ1/δ2. The

mean wall shear stressτ̄w was measured by the wall mounted hot-wire probe andδ1 (displacement thickness) andδ2 are defined
for an axisymmetric internal flow (see Fernholz and Warnack [21]).

Figs. 7(a) (Case 1) and 7(b) (Case 4) show that the pressure distributions, represented by the acceleration parK ,
are in good agreement with each other (the same centre body). Small discrepancies are due to the uncertainty asso
differentiating the measured pressure distributions which are given by Stefes [20]. With an equivalent pressure distrib
differences in the parameter distributions must be caused by thedifferent decay rates of the FST and its initial turbulence lev

Fig. 7. Streamwise development of the Reynolds numberReδ2, the shape parameterH12, the skin-friction coefficientcf and the acceleration
parameterK in a FPG boundary layer with FST (lines are for visual aid only). (a) Case 1, low FST. (b) Case 4, high FST.
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Fig. 8. Streamwise development of the skin-friction fluctuation, the skewnessSτ ′
w

and flatnessFτ ′
w

(at abouty+ ≈ 2) in a FPG turbulent
boundary layer with low (Case 1) and high (Case 4) FST.

leading for Case 4 to a fuller initial mean velocity profile. This is characterized by a lower value ofH12 = 1.30 and a higher value
of cf (5.1 × 10−3) than for Case 1. In Case 4 the level of thecf -distribution remains higher through the acceleration reg
causing the boundary layer to stay further away from relaminarization (see also Fig. 1).Reδ2 reacts first to the acceleratio
falling from a maximum of about 1200 to a minimum of 400 and 530, respectively, for Cases 4 and 1 and then rising to abo
1550 in the downstream ZPG boundary layer. Following the pattern of a fully turbulent accelerated boundary layer in t
region (see WF [17]), the skin-friction coefficient rises to its first peak close to whichK has its maximum value. Downstrea
of this peak bothReδ2 andcf fall to their respective minimum values which coincide with the maximum values ofH12 at the
end of the acceleration region. In this region the mean velocity profiles show their largest departure from the logarith
(see Figs. 9(a) and 9(b)). At the end of the acceleration region the turbulence production (see Fig. 12) is reactivatecf

andReδ2 rise again. Bothcf andH12 adapt to values which are only a function ofReδ2 in a zero-pressure-gradient bounda
layer, although with a slightly elevated level of free-stream turbulence (see also Case 2 of WF [17] where the level of
is negligible).

In this context it is appropriate to compare the “foot prints” of the two boundary layers on the wall by discussi

streamwise development of the skin-friction fluctuation(τ ′2
w )1/2/τw and the skewnessSτ ′

w
and flatnessFτ ′

w
(Fig. 8). The

fluctuating quantities in the immediate vicinity of the wall (y+ ≈ 2), are dominated by the pressure distribution and les
by the free-stream turbulence level. The latter has no noticeable influence onc′

f but both skewness and flatness are increa
by the FST in the upstream region in agreement with the mean skin friction.Sτ ′

w
andFτ ′

w
show peaks in both flow cases
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Fig. 9. Profiles of the mean velocity in inner-law scaling in a turbulent boundary layer with a favourable pressure gradient. (a) Case 1, low
(b) Case 4, high FST.

aboutx = 1.603 m whereReδ2 reaches it minimum and slightly upstream from the maximum value ofH12. Compared with
their initial values,Sτ ′

w
andFτ ′

w
rise approximately by a factor 3 and 2 for Cases 1 and 4. The rise ofFτ ′

w
is indicative of the

occurrence of large velocity spikes in the vicinity of the wall. Since these spikes are indicators of the reappearance
frequency turbulent bursts superimposed onthe relatively low-frequency residual turbulence (Launder [22]), they are relatively
smaller in Case 4 which is further away from relaminarization (see also WF [17] and Warnack [24]). The latter author d
the development ofSτ ′

w
andFτ ′

w
in great detail (his Case 2, which is comparable with the present Case 1) using time se

the skin friction at various stations in streamwise direction.
Figs. 9(a) and 9(b) present the mean-velocity profiles in inner-law scaling in comparison with the standard logarith

of the wall (the constants arek = 0.40 andC = 5.10). The legend of the figures gives the corresponding values ofx, Tuδ , Reδ2
andH12 to facilitate a comparison with Figs. 3 and 7(a) and 7(b). Atx = 0.935 m, where the pressure gradient is still zero,
profiles of Cases 1 and 4 share a certain length of the logarithmic region but show differences in the wake region d
different levels of the FST. At the following stations FST and pressure gradient effects interact with one another, muc
however, in Case 4 where the FST level is higher. The FST diminishes the favourable pressure gradient effect in that
the departure from the standard log-law and thus opposes the development towards a laminar-like profile as was ob
WF [17] (their Figs. 5 and 6) for very low FST. The maximum values ofū/uτ were 28 (WF [17]), 25 (Case 1) and 22 (Case
in order of increasing FST levels. As already noticed by WF [17], the profile with the largest departure from the stand
law is that for whichH12 has its maximum andcf its minimum. At this position (x = 1.653 m) one also finds a maximum
the fluctuating skin friction and its higher moments (Fig. 8).
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(a)
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Fig. 10. Profiles of Reynolds normal stress componentρ̄u′2 in inner-law scaling in a turbulent boundary layer with a FPG and FST. (a) Case
low FST (symbols as in Fig. 9(a)). (b) Case 4, high FST (symbols as in Fig. 9(b)).

5. Discussion of the turbulence data

Only two of the Reynolds normal stresses and the Reynolds shear stress−ρ̄u′v′ were measured due to time limitation

Figs. 10(a) and 10(b) show the profiles of the component in streamwise directionρ̄u′2, in inner-law scaling for Cases 1 and

The peak value ofu′2/u2
τ (Case 1) increases by about 30% betweenthe location of the initial profile andx = 1.653 m where
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H12 reaches its peak. Further downstream, the level of the profiles decreases sharply until(u′2/u2
τ )max at the last measuring

to the
ve

le

ressure
tion of the
axation

1,
lated
station is only half its value in the initial profile. This is partly due to the much higher skin-friction velocity and partly
turbulence structure which has not yet reached equilibrium, i.e. higher values ofu′. The profiles of Case 1 are in good qualitati
agreement with the earlier measurements of WF [17] (see their Fig. 12).

For Case 4 with high FST (Fig. 10(b)) the absolute maximum ofu′2/u2
τ is reached at the location of the initial profi

where the FST has its maximum value, followed by the value at the location whereH12 reaches its peak value (x = 1.653 m).

Compared with the normal stress profiles in Fig. 10(a) the two upstream profiles have a higher level ofu′2 because of the
high FST. With the FPG increasing and the FST level falling in streamwise direction the influence of the favourable p
gradient becomes dominant and the development of the profiles becomes similar to Case 1. In both cases the loca
peaks moves out fromy+ ≈ 14 to about 22 where the acceleration is strongest and then moves in again with the rel

(a)

(b)

Fig. 11. Profiles of Reynolds shear stress componentρ̄u′v′ in inner-law scaling in a turbulent boundary layer with a FPG and FST. (a) Case
low FST (symbols as in Fig. 9(a)). (b) Case 4, high FST (symbols as in Fig. 9(b)). Symbols denote measured data, the dashed lines calcu
data.
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the profiles of the production term (see Fig. 12). The profiles of the Reynolds normal stress do not approach yet th
undisturbed ZPG boundary layer at the last measuring station (see Fernholz and Finley [25], their Fig. 15) indicating
recovery process will need a much longer distance when FST and FPG have influenced the boundary layer upstr
recovery process begins first in the outer layer (x = 1.953 m) while the inner peak is still falling. For a full recovery it shou
rise again to a maximum value of about 7 in this range ofReδ2. It should be noted here that the turbulence data are not exp
to be influenced more than−10% by hot-wire effects which is the maximum reduction of the signal in the rangel+ < 35 (see
Fernholz and Finley [25], their Fig. 42).

Since the boundary layer becomes rather thin in the acceleration region, measurements ofv′ andu′v′, though made using
miniature cross-wire probe, could not be performed as close to the wall as those ofu′. The difficulty of obtainingu′v′ close to
the wall can, however, be overcome in a FPG boundary layer (see Fernholz and Warnack [21]) because the maximum
the total shear stressτtot is at the wall and can thus be determined from measurements of the skin friction. With the interp
distribution of the total shear stress (see Fernholz and Warnack [21]) and the viscous shear stress calculated from
velocity profile, the Reynolds shear stress profile can be extrapolated to the near-wall region. Measured and calcula
of u′v′/u2

τ are shown in Figs. 11(a) and 11(b). The dashed lines denote the calculated values. The initial profile (Case
well with profiles ofu′v′/u2

τ in a canonical boundary layer at the sameReδ2 (e.g. Erm [26]). Its maximum value−u′v′/u2
τ lies,

however, below one due to low Reynolds number effects (see Fernholz and Finley [25], Stefes and Fernholz [19]).
Reynolds shear stress profiles decrease sharply sinceρ̄u′v′ lags behind the growth ofuτ until the location of the minimum o
Reδ2 and the maximum ofH12 (approximately) are reached. From here on the Reynolds shear stress increases more
thanuτ until a peak value of 0.8 is reached, which is close to values in a ZPG turbulent boundary layer but now wit
higher values of̄ρu′v′ anduτ than for the initial profile.

For Case 4 (Fig. 11(b)) the initial profile ofu′v′ shows the greatest effect of the high FST level and this is still visible in
next profile (x = 1.353 m) compared with Case 1. The profiles further downstream are dominated again by the FPG and
similarly to those of Case 1, but the last profile has not yet recovered to ZPG conditions as much as its counterpart i
A comparison of the Reynolds shear-stress and normal-stress profiles atx = 1.953 m shows that the recovery of the shear-str
profiles is, however, more advanced.

The distributions of the Reynolds shear stress and the gradient∂ū/∂y determine the production term of the kinetic ener

of the turbulent fluctuations and ofu′2. The production term|u′v′|∂ū/∂y was made dimensionless byu4
τ andν (Rotta [27])

and is plotted againsty+ in Fig. 12. The maximum of the production lies in the buffer layer and reaches a peak value of
this scaling. This value is the maximum value for a ZPG boundary layer (Rotta [27]). For Case 4 the profiles are slightl
compared with Case 1 in the outer region where FPG and FST still interact. As was to be expected, Reynolds normal stre
profiles (Figs. 10(a) and 10(b)) and the production profiles show a similar behaviour, except for profile (x = 1.653 m) where the

Fig. 12. Distributions of the production term for the turbulent kinetic energy in a turbulent boundary layer with a FPG and FST. Case 1 (l
FST), Case 4 (high FST). Symbols denote measured data, lines calculated values.
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Fig. 13. Streamwise development of the maxima of the Reynolds normal stress and shear stress components, the fluctuating skin frictioc′
f

and the production term for Cases 1 (low FST) and 4 (high FST).

large values ofu′2 are not reflected in the production but must be generated by an additional contribution of turbulent transpo

Note that the additional production termu′2∂u/∂x contributes at most 5% of|u′v′|∂ū/∂y.
Fig. 13 displays an overview of the streamwise development of the maxima of the profiles of the Reynolds norma

the Reynolds shear stress and the production as well as the skin-friction fluctuation coefficientc′
f

= 2(τ ′2
w )1/2/(ρδu

2
δ ). All

streamwise distributions – scaled by(uτ )local – have their first maximum in the upstream region and reach a second max
at the end of the acceleration region (x = 1.753 m). The minimum located between these two maxima coincides approxim
with the minimum ofReδ2. In the ZPG region further downstream, the Reynolds stress peaks decrease, as doesc′

f , whereas

the production maximum remains at its second peak value. Finally, the(u′2)max values, non-dimensionalized by(u2
τ )ref at the

reference station (x = 0.828 m), are presented in order to show the influence of the FPG and the FST on the absolu
of the Reynolds normal stress. The curve of the peak values shows an increase through the acceleration region by
about 3, independent of the level of the FST, and then decreasesfrom the downstream peak almostto the initial level upstream
indicating that equilibrium is not quite reached. The streamwise development of the curves shown in Fig. 13 agre
qualitatively with those shown by Fernholz and Warnack [21] and WF [17]. The influence of the FST is confined mainly to t
region upstream of the acceleration.

Figs. 14(a) and 14(b) show the profiles of the dimensionless Reynolds normal stress componentv′2/u2
τ in inner-law scaling

for Cases 1 and 4. For Case 1 with low turbulence (Fig. 14(a)) the initial profile shows good qualitative agreement with profile



180 B. Stefes, H.-H. Fernholz / European Journal of Mechanics B/Fluids 24 (2005) 167–187
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(a)

(b)

Fig. 14. Profiles of the Reynolds normal stress componentρ̄v′2 in inner-law scaling in a turbulent boundary layer with a FPG and FS
(a) Case 1, low FST (symbols as in Fig. 9(a)). (b) Case 4, high FST (symbols as in Fig. 9(b)).

Fig. 15. Distribution of the anisotropy parameter(v′2/u′2)1/2 in a turbulent boundary layer with a FPG and high FST (Case 4).
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Fig. 16. Profiles of skewnessSu′ and flatnessFu′ in a turbulent boundary layer with a FPG and FST. (a) Case 1, low FST. (b) Case 4, high FS

Erm [26] and Warnack [24] in the same Reynolds number range. In the acceleration region the Reynolds normal stress
strongly in the outer region of the boundary layer but rises towards a peak in the log-law region between 1.603� x � 1.653
m where Warnack [24] found large high-frequency spikes in thetime signal of the fluctuating velocity. The last downstre
profile (x = 1.953 m) shows a recovery to ZPG conditions also in the outer region, but confirms that equilibrium has n
reached. The data measured by Warnack [24] – his Case 2 – are qualitatively well confirmed.

For high FST (Fig. 14(b)) thēρv′2-profiles show a similar behaviour in the inner region of the boundary layer wher
FPG plays the main role – note the different scale – but behave completely different in the outer region where especial
upstream profiles rise strongly towards the free-stream with high FST. This rise decreases with decreasing FST in do
direction.

The anisotropy parameter(v′2/u′2)1/2 is a structure parameter of the turbulent boundary layer and Fig. 15 present
for Case 4 (high FST). In the inner regiony+ � 150 the profiles of Case 4 and Case 1 (not shown here, but see WF [17]
Fig. 18, Stefes [20]) are qualitatively similar and independentof the FPG and the FST (see also WF[17], their Fig. 18; Fernholz
and Finley [25], their Fig. 62). As we have seen above there are strong effects of both the FPG and the FST in the ou
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Fig. 17. Profiles of fractional contribution to−u′v′ per quadrant in a FPG turbulent boundary layer with low FST (Case 1). (a)x = 0.928 m,
(b) x = 1.353 m, (c)x = 1.653 m, (d)x = 1.953 m.

of the boundary layer. Beyondy+ ≈ 150 the anisotropy parameter rises gradually through the acceleration region reachin
values of about 1.45. This reflects the much stronger decrease ofu′ towards the edge of the boundary layer. The sharp pea
the outer edge which is characteristic of low FST boundary layers is absent here (see for example Fernholz and Fi
their Fig. 62) because the boundary layer edge is less intermittent with FST.

From among the higher moments Figs. 16(a) and 16(b) present the profiles of the skewnessSu′ and flatnessFu′ of u′ in
inner-law scaling for Cases 1 and 4, respectively. The profiles for both cases are qualitatively similar since again the
gradient effect is dominant, but the overall level of the profiles of Case 4 is slightly higher for the two upstream profile
the high FST and lower for the profiles in the acceleration region. Here, the turbulence structure is further from relaminarizat
in Case 4 than in Case 1 and this is reflected in lower values of the flatness (see Warnack [24]). Warnack [24] also no
the formation of double troughs of the skewness and double peaks of the flatness in highly accelerated boundary la
first peak and the first trough lie in a range 80� y+ � 200 and both disappear when the pressure gradient becomes zero
The second peak ofFu′ lies in the outer region of the boundary layer showing much larger values for Case 1 since ag
Case 4 the edge of the boundary layer is less intermittent due to the FST.

As was observed by Fernholz and Warnack [21] they+ position of the maximum ofu′2, the minimum ofFu′ and the zero
value ofSu′ coincide within a narrow range ofy+. This range is 14� y+ � 25, slightly higher than for a ZPG boundary lay
( y+ ≈ 14), and practically unaffected by the FST level.

The development of the Reynolds shear-stress profiles under the influence of FST and FPG can be studied in mo
a quadrant decomposition of the fluctuating streamwise and normal velocitycomponents is made (e.g. Wallace et al. [28]). T
profiles are not made dimensionless here, in order to show the change of the absolute value of−u′v′ at the four streamwise
x-positions and thus to complement Figs. 11(a) and 11(b). The four fractional contributions to−u′v′ are shown in Figs. 17
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Fig. 18. Profiles of fractional contribution to−u′v′ per quadrant in a FPG turbulent boundary layer with high FST (Case 4). (a)x = 0.928 m,
(b) x = 1.353 m, (c)x = 1.653 m, (d)x = 1.953 m.

(Case 1) and 18 (Case 4). The events in quadrants Q2 and Q4 can be associated with ejections (u′ < 0, v′ > 0) and sweeps
(u′ > 0, v′ < 0) and those in Q1 and Q3 with outward (u′ > 0, v′ > 0) and inward (u′ < 0, v′ < 0) interactions. At all streamwis
stations the events of quadrants 2 and 4 contribute most to−u′v′ as had been observed previously by Wallace et al. [28]
Willmarth and Lu [29], for example, who investigated fully turbulent channel flow and a ZPG turbulent boundary layer. T
trend is confirmed when FST and FPG effects occur. The quadrant contributions are affected mainly by FST in t
region and by the FPG in the inner region of the boundary layer. Independent of FST and FPG the Q2 contribu
largest in they+ range investigated here confirming the results of Wallace et al. [28]. Fig. 17 presents the contribution
four quadrants and−u′v′ againsty+ and shows the influence of the FPG which reduces all contributions in the outer r
(Figs. 17(b) and 17(c)) compared with Fig. 17(a) where the pressure gradient is zero. Fig. 17(c) shows a large in
the Q2 but also of the Q3 contribution and in the relaxation region a further increase of Q2 and Q4 as well as a red
Q3 (Fig. 17(d)). A comparison of Figs. 17(d) and 18(d) shows a similar behaviour of the relaxing boundary layer in
and 4 with only a small influence of FST on the outer region in Fig. 18(d), but no similarity with the profiles of the
ZPG boundary layer (Figs. 17(a) and 18(a)). Fig. 18(a) displays the contributions of the four quadrants under the
of high FST in a ZPG boundary layer where the influence of the FST on the contributions Q1 to Q4 is very strong
outer region with even a change in sign of−u′v′ due to the high contributions of Q1 and Q3. The profiles in Fig. 18(b) s
a strong interactive effect of both FST and FPG whereas in Fig.18(c) the pressure gradient effect is dominant, almost a
Fig. 17(c), reducing the contributions of all quadrants in the outer region and increasing the contributions of Q2 to Q
inner region.
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Fig. 19. Profiles of the turbulent Reynolds number of three streamwise stations for Cases 1 (low FST) and 4 (high FST).

6. Spectra

The influence of high FST on the spectra of the velocity componentu′ in a ZPG boundary layer was investigated by Th
and Bogard [14] and Stefes and Fernholz [19], for example. The data acquired by the latter authors were taken in
test section as those of the present investigation, but with the centre body removed and are therefore not repeated
spectra included here were influenced both by strong FPG and byFST. Three characteristic stations were selected. The
station (x = 1.353 m) is just upstream of the peak of the acceleration parameterK . The second station(x = 1.603 m) is where
Reδ2 andcf are close to their respective minima andH12 and the turbulent Reynolds numberReλ at their respective maxima
The third is where the pressure gradient has abated, but the upstream history effect is still present (x = 1.853 m). The turbulen
Reynolds numberReλ = λu′

rms/ν is an important parameter besides the pressure gradient parameter and the turbulen
The Taylor microscaleλ was calculated from the dissipation rateD11 of the one-dimensional spectrum

D11 = 2ν

∞∫
0

k2
1Eu1(k1)dk1 = 2ν

(
∂u′
∂x

)2
= 2ν

u′2
λ2

. (4)

The profiles at the above three stations for Cases 1 and 4 are presented in Fig. 19. The profiles with high FST have
peak, one in the vicinity of the wall (16� y+ � 25) and the other in the outer layer (85� y+ � 550). The location of the firs
peak is practically independent of the FST and moves towards the higher values ofy+ with the rise of the FPG. For Case 1 t
second peak disappears when the boundary layer is accelerated showing the strong effect of the FPG on the turbulenc
in the outer region.

Figs. 20 and 21 present examples of the spectra, first at the location of(Reλ)max, i.e. in the near-wall region (16� y+ � 25),
at three selected streamwise stations and then atx = 1.603 m at three wall-normal distances (y+ = 25,100 and aty/δ99.5 = 1)
for Cases 1 and 4.

The longitudinal wavenumber spectrumE11(k1) – wherek1 = 2πf/ū is the wavenumber, f the frequency andū the mean
velocity – is usually scaled byv2

k
η = (εν5)1/2 and plotted againstk1η = k1(ν

3/ε)1/4. Hereη denotes the Kolmogorov mi
croscale,vk the Kolmogorov velocity andε the dissipation of the turbulence energy.

For ZPG and low FST the dimensionsless longitudinal wavenumber spectrum is

E11/(v
2
k1

η) = F(k1η,Reλ). (5)

In this scaling two spectra are equal ifReλ is the same. In flows with FST and pressure gradients it must be expected thE11
depends also onTuδ andK .

Fig. 20 shows spectra in the near-wall region (y+ ≈ 20) whereReλ has its maximum at the three streamwise stations.
pressure gradient is the same at each station in Cases 1 and 4 butReδ2 andTuδ are different. Atx = 1.353 m the turbulen
Reynolds numbers are equal and so are the spectra. At the other two locationsx the spectra have values ofReλ which are
slightly different and they follow theReλ trend, i.e. the spectrum with the higher Reynolds number lies above that wit
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Fig. 20. One-dimensional spectra in Kolmogorov scaling at three streamwise stations at the locationy+ whereReλ has its maximum for Cases
(low FST) and 4 (high FST).

Fig. 21. One-dimensional spectra in Kolmogorov scaling at three wall-normal locations atx = 1.603 m for Cases 1 (low FST) and 4 (high FST

lower Reλ, irrespective of the FST. There is, however, an influence of the FST in the lower wavenumber range (e.g. St
Fernholz [19]).

Fig. 21 presents spectra at three locations normal to the wall atx = 1.603 m for the two cases. The spectra follow the tre
seen already in Fig. 20, whereby spectra for higher turbulent Reynolds numberReλ exhibit higher levels at lower wavenumber
At these relatively low levels of the FST the turbulent Reynolds number appears to be the dominating parameter.

Figs. 20 and 21 contain dashed lines which characterize the inertial subrange of the equilibrium spectrum (E ∼ k−5/3), at
higher wavenumbers (E ∼ k−7) and in the lower wavenumber range (E ∼ k−1). Fig. 20, which presents spectra for values ofy+
which correspond to maximum values ofReλ, shows that the agreement with thek−5/3 line extends over a larger wavenumb
range for the spectra with the higherReλ. The influence of the FST is negligible in the inner region of the boundary lay
these relatively low levels. With decreasingReλ at a fixed streamwise location (Fig. 21), the spectra depart earlier from
k−5/3 behaviour and follow thek−1 trend in the lower wavenumber range as has been noticed by Warnack [24] and Ste
Fernholz [19].
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The aim of this experimental study has been to investigate the influence of high FST and a strong favourable
gradient on a turbulent boundary layer, especially on the relaminarization region which was found to exist (WF [17]) w
FST level was very low (Tuδ � 0.1%). Since FST increases the skin friction, it was expected that the dominating effect
FPG could be counteracted so that relaminarization would not occur. This is true only for very high levels of FST, ge
by jets injected normal to the free stream upstream of the test boundary layer (Thole et al. [12]). The high FST af
properties of the boundary layer mainly in twoways. Firstly, the mean velocity profiles in the initial region are fuller and their
skin friction is 30% higher than with low FST. Secondly, initially higher values of FST and skin friction both remain higher in
the streamwise direction.

The FST in the streamwise direction decays strongly due to the favourable pressure gradient, whereas the ratio of th
length scaleΛ11 and the boundary layer thicknessδ99.5 increase from O(1) to O(10) through the acceleration region. The
two effects reduce the effectiveness of the FST on the boundary layer. According to the results discussed by Han
Bradshaw [10] in ZPG boundary layers the ratioΛ11/δ99.5 should be of O(1) to have the greatest effect of the FST on the m
flow. In Case 4 the ratioΛ11/δ99.5 is influenced mainly by the large fall inδ99.5 whereas in Case 1 the decrease ofδ99.5 is
less and the rise ofΛ11 larger. FST not only increases the mean skin friction, but also decreases the shape parameterH12. Wall
shear stress fluctuations increase with FST and so do skewnessSτ ′

w
and flatnessFτ ′

w
.

As for the mean velocity profiles the FST counteracts the FPG effect on the mean velocity profiles, by rendering the d
from the standard logarithmic law smaller and thus slows down the development towards a laminar-like profile (see W
The main effect occurs, however, in the wake region. As for the turbulence quantities, the maximum values of the Reynolds
stresses, nondimensionalized bythe skin-friction velocityuτ , andc′

f
show only a small effect in the upstream ZPG region wh

FST is high, but are largely dominated by the favourable pressure gradient downstream. FST has a large effect on th

of the Reynolds stresses in the outer region, strongest on the Reynolds normal stress componentv′2/u2
τ and the anisotropy

parameterv′
rms/u

′
rms. The profiles of the turbulent Reynolds numberReλ are affected both by the FST and the FPG but for

spectra in Kolmogorov scalingReλ is the dominating parameter.
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