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The effects of a favourable pressure gradient (K < 4 x 107%) and of the Reynolds
number (862 < Res, < 5800) on the mean and fluctuating quantities of four turbulent
boundary layers were studied experimentally and are presented in this paper and a
companion paper (Part 2). The measurements consist of extensive hot-wire and skin-
friction data. The former comprise mean and fluctuating velocities, their correlations
and spectra, the latter wall-shear stress measurements obtained by four different
techniques which allow testing of calibrations in both laminar-like and turbulent
flows for the first time. The measurements provide complete data sets, obtained in
an axisymmetric test section, which can serve as test cases as specified by the 1981
Stanford conference.

Two different types of accelerated boundary layers were investigated and are
described: in this paper (Part 1) the fully turbulent, accelerated boundary layer
(sometimes denoted laminarescent) with approximately local equilibrium between
the production and dissipation of the turbulent energy and with relaxation to a zero
pressure gradient flow (cases 1 and 3); and in Part 2 the strongly accelerated boundary
layer with ‘inactive’ turbulence, laminar-like mean flow behaviour (relaminarized),
and reversion to the turbulent state (cases 2 and 4). In all four cases the standard
logarithmic law fails but there is no single parametric criterion which denotes the
beginning or the end of this breakdown. However, it can be demonstrated that the
departure of the mean-velocity profile is accompanied by characteristic changes of
turbulent quantities, such as the maxima of the Reynolds stresses or the fluctuating
value of the skin friction.

The boundary layers described here are maintained in the laminarescent state just
up to the beginning of relaminarization and then relaxed to the turbulent state in a
zero pressure gradient. The relaxation of the turbulence structure occurs much faster
than in an adverse pressure gradient. In the accelerating boundary layer absolute
values of the Reynolds stresses remain more or less constant in the outer region of
the boundary layer in accordance with the results of Blackwelder & Kovasznay (1972),
and rise both in the vincinity of the wall in conjunction with the rising wall shear
stress and in the centre region of the boundary layer with the increase of production.




330 H. H. Fernholz and D. Warnack

1. Introduction

Turbulent boundary layers in a favourable pressure gradient (FPG) exist in wind
tunnel contractions and turbine cascades, for example. Since the boundary layer is usu-
ally rather thin and separation does not occur, important features of FPG flows can of-
ten be determined satisfactorily by Euler-code methods without calculating the bound-
ary layer itself. This may explain the relatively small number of experimental investi-
gations — compared with adverse-pressure-gradient boundary layers (APG) — none of
which present complete sets of mean and fluctuating-flow data including skin friction
in an axisymmetric flow configuration. Axisymmetric flow ensures small variations
between flow quantities measured around the circumference and thus comes closest to
a two-dimensional flow if sufficient care is taken to obtain uniform starting conditions.

Two different types of accelerated boundary layers were investigated and are
described: in this paper (Part 1) the fully turbulent, accelerated boundary layer
(sometimes denoted laminarescent) with approximately local equilibrium between the
production and dissipation of the turbulent energy and with relaxation to a zero
pressure gradient flow (cases 1 and 3); and in Part 2 (Warnack & Fernholz 1998) the
strongly accelerated boundary layer with ‘inactive’ turbulence, laminar-like mean flow
behaviour (relaminarized), and reversion to the turbulent state (cases 2 and 4).

Boundary layer investigations which are related to the cases presented in this
paper are those of Patel (1965), Patel & Head (1968), and Blackwelder & Kovasznay
(1972). We need not repeat here the extensive surveys of FPG boundary layers by
Narasimha & Sreenivasan (1973, 1979) and by Sreenivasan (1980, 1982) and will refer
to measurements of other authors in succeeding sections of this paper as appropriate.

In the first part of the investigation FPG boundary layers were investigated which
remain turbulent throughout (classified as laminarescent by Schraub & Kline 1965
and as soft laminarization by Narasimha 1983), while showing typical properties of a
highly accelerated boundary layer, such as low values of the shape parameter H;, —
here at about 1.20 — and a sharp decrease of the Reynolds number Re;,. The initial
Reynolds numbers are moderate (2500 < Res, < 6000). In cases 1 and 3 the upstream
boundary layer developed under approximately constant streamwise pressure over
more than 50 boundary layer thicknesses and may be assumed to be independent
of low-Reynolds-number effects (cf. Fernholz & Finley 1996). Low initial Reynolds
numbers and an insufficient length of the boundary layer upstream of the onset of
the FPG in the existing experiments were two major concerns addressed in the review
by Sreenivasan (1982). Further problems have been a lack of near-wall measurements
and reliable measurements of the wall shear stress (for comments see Narasimha &
Sreenivasan 1973; Sreenivasan 1982). Only in a few cases (Patel 1965; Patel & Head
1968; Badri Narayanan & Ramjee 1969) were skin friction probes used (a surface
fence and a heat transfer gange) which were independent of the logarithmic law
of the wall. Special attention was devoted therefore to the measurement of mean
and fluctuating values of the skin friction and to their higher statistical moments.
Comparisons are presented (figure 3) between measurements performed with a surface
fence, a wall hot wire, a Preston tube (although valid only in certain regions of the
FPG flow) and with oil-film interferometry.

Cases 1 and 3 have most in common with the boundary layers investigated by Patel
& Head (1968) and Blackwelder & Kovasznay (1972) as seen from table 1 but Patel
& Head (1968) did not measure turbulence quantities and Blackwelder & Kovasznay
(1972) had no reliable wall shear stress measurements. Here Hy, = d,/9, is the shape
factor, Res, = usd,/v the Reynolds number, K = (v/U?)(dus/dx) the acceleration
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6
Kiax x 10 Res,s  Hips  Resymin - Hipmin Hiomax  Res,p Hiog

Case 1 2.01 2549 1.41 1587 1.24 1.41 2746 1.36
Case 3 1.53 5814 137 1665 1.19 1.68 3788 1.35
PH ~25 2100  1.40 700 1.27 1.40 800 1.40
PH ) 6000 1.34 1200 1.21 1.34 1400 1.25
BK 4.8 2500 1.45 650 1.24 1.78 1900 1.42

TaBLE 1. Boundary layer data; PH denotes Patel & Head (1968) and BK denotes
Blackwelder & Kovasznay (1972)
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FIGURE 1. Cases 1 to 3 in the (¢, Re;, )-plane.

parameter and the indices denote: max for the maximum value, min for the minimum
value, S for the starting value and E for the last measuring station.

A further difference between the investigations of Patel & Head (1968) and Black-
welder & Kovasznay (1972) and cases 1 and 3 is that the peak acceleration parameter
K ax 1s larger for the boundary layers of Patel & Head (1968) and Blackwelder &
Kovasznay (1972), that the Reynolds numbers at the last measuring station is higher
for the present experiments — resulting from a longer relaxation region — and that we
present an almost complete set of hot-wire and skin-friction measurements. Cases
1 and 3 are both fully turbulent boundary layers in a favourable pressure gradient
and their skin-friction coefficient ¢; = 27,,/psu3 lies mainly above the corresponding
value at the same Res, for a zero-pressure-gradient (ZPG) boundary layer (figure 1).
This is not the case for the relaminarizing boundary layer of case 2 which is also
shown for comparison. So this behaviour of the skin-friction coefficient with Reynolds
number is characteristic of laminarescent boundary layers such as for cases 1 and
3. The laminarescent boundary layer described here consisted of three regions which
show specific features. First, there is an upstream part where the free-stream velocity
gradient rises and where the logarithmic law of the wall still holds (local equilibrium
between production and dissipation). In the subsequent region the velocity gradient
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is both positive and negative and the log law fails. Note that at the location of the
breakdown Re;, and K differ by a factor of two for case 1 and 3, respectively. Finally,
with decreasing acceleration the boundary layer relaxes to its ZPG behaviour and the
turbulence structure recovers much faster than downstream from a strong APG.

Besides the mean-flow quantities, this investigation presents the development of the
four Reynolds stresses, of some higher moments of the fluctuating velocities and the
wall shear stress, of the turbulence production and of the eddy viscosity.

The data give new insight into the physics of the flow and may serve to improve
turbulence models which are expected to encounter difficulties in the two turbulent
regions — highly accelerated and relaxing — since these are still ‘the least understood’,
(Sreenivasan 1982).

2. Experimental set-up and measuring techniques

The experiments were performed in the low-turbulence wind tunnel (LaWiKa) of
the Hermann-Fottinger-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. The tunnel has a 2 m long
axisymmetric nozzle with a 18:1 contraction ratio.

To improve flow uniformity a non-woven filter mat and a single, precisely manu-
factured, perforated metal plate (64% open area ratio) were mounted at the upstream
end of the 2 m diameter settling chamber. 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 velocity in the empty test section
could be varied between zero and 35ms~! while the mean velocity distribution at the
entry was uniform with a deviation from the mean < 1%. The air temperature was
kept constant within +0.1°C.

The favourable pressure distributions were generated by two axisymmetric dis-
placement bodies situated at various positions along the centreline of the test section
(figure 2) in order to allow variation of the entry length. The configuration is sim-
ilar to that of Patel (1965) but in our case the centre bodies were fixed and the
probes were positioned along the wall of the axisymmetric test section. The cylin-
drical displacement bodies were held by radial rods (6 mm in diameter) attached at
the rear part so that the boundary layer under examination was not disturbed. The
test boundary layer on the wall of the test section was tripped by means of a Velcro
tape with a height of 3 mm situated 0.24 m downstream of the leading edge. The
turbulence intensity at the inlet to the test section (12)"/?/ U, Was approximately
0.25% and the mean velocity distribution near the inlet was uniform to within +1%.
The axisymmetry of the flow was checked by measuring the skin-friction distribution
in the circumferential direction, with a Preston tube of 2 mm diameter, at several
streamwise locations (figure 251). The data give the deviations from the value at the
respective location of the generator where the profiles were taken and show that, for
case 1, the irregularities vary between +2% and —4% at x = 2.16 m and between
0.5% and —3.5% at x =4.16 m.

For successive pressure measurements to be unaffected by small variations in the
surface near the pressure tap, by the tube length etc., it is advantageous to use a single

+ For reasons of space limits the figures 25 to 27 are in a separate annex available from the JFM
Editorial Office.
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| Centre-body case 1 | |Centre-body cases 2, 3 and 4|

i 1 1 1 J. 1
Tripping}}evice % - ()
I, (case 1) $d Case 1 5 P—
I
I, (mm) |3035 | 1218 | 3238
I I, (mm) |3295 | 1658 | 3688
2 I, (mm) | 4130 | 2200 | 4230
I3 1250 d(mm) | 280 | 355 355

FIGURE 2. Arrangement of centre bodies for cases 1 to 4.

tap. Therefore, a streamwise slot of 20 mm width was milled along the length of one
pipe section and filled with a series of interchangeable plugs; one of these included
a static tap (0.70 mm diameter) in its surface and could be positioned every 25 mm
along the test wall. The surface of the interchangeable plugs had the same transverse
radius of curvature as the pipe to remove the possibility of plug surfaces affecting
wall measurements. Static pressure was referenced to that at the inlet, measured with
a pressure tap at x = 246 mm. For each of the different pressure distributions the
free-stream unit Reynolds number at the inlet was kept constant.

The three components of the fluctuating velocity were measured using miniature
single and X-wire probes (uv and uw) with the stem (3 mm diameter) protruding
through plugs in the test wall in order to keep the disturbance of the flow as small
as possible. The prongs of the crossed-wire probes were mounted at the corners of a
square of side length 1.5 mm (see Warnack 1996) and the tungsten/platinum wires,
gold plated at the ends, had an active length of 0.55 mm and a diameter of 2.5 pm.

The constant-temperature hot-wire anemometer was an AA — Lab AN - 1003
with the high-frequency option (square-wave-test response in excess of 20 kHz).
Data acquisition was achieved using Rhotron hardware controlled by an Atari ST
microcomputer. The probes were traversed away from the wall 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. 30 000 samples (1000
per second) were taken for all velocity measurements. For the wall hot wire the
sampling frequency was 250 Hz.

Static pressure was measured using MKS Baratron 220 CD pressure transducers
in the ranges 0-100 and 0-1000 Pa and a Prema digital voltmeter 5000 with an
integrating multiplexer. For the pressure measurements 60 samples (at a frequency of
1 Hz) were taken for the average value and 120 for the Preston-tube measurements.

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

Skin friction was measured by means of Preston tubes, surface fences, wall hot-wire
probes, and by oil-film interferometry. The three probes were each integrated into one
of the interchangeable plugs described above. The wall hot wires were 0.03 and 0.04
mm away from the wall (Wagner 1991) and the fences had a height of 0.1 and 0.03
mm, respectively. The Preston tubes (diameter between 0.7 and 4 mm) were used with
the Patel (1965) calibration curve and served as calibration devices for the surface
fence and the wall hot wire. If the Preston-tube measurements are correct within
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FIGURE 3. Skin-friction distributions measured by four measuring techniques in FPG turbulent
boundary layers with (case 2) and without relaminarization (cases 1 and 3).

+3%, the wall hot-wire data should lie within a range of +4%. An additional error
source for the hot-wire probes occurs when /+ > 20, where /T = /u,/v with £ as
the active wire length, u, the skin-friction velocity and v the kinematic viscosity (see
Ligrani & Bradshaw 1987 and Fernholz & Finley 1996, for example).

All wall hot wires had a ratio of active length to diameter of 200 and /* never
exceeded a value of 28 in case 1 but had higher values in case 3 (see figure 26). Errors
caused by high values of /" do not affect the mean value of the skin friction but do
influence the turbulence level (7:(3)1/ ’/7,,, the skewness Sy, and the flatness F;;. Here
the error can lie between 10% and 20%.

Details of the oil-film interferometry method were given by Janke (1992) and
Fernholz et al. (1996). The determination of the skin friction by this ‘absolute’
method is estimated to be within +4%.

Since it is known from Patel’s early measurements (1965) that the Preston tube fails
in a highly accelerated turbulent boundary layer, as a result of the breakdown of the
standard logarithmic law, three other methods were used to obtain comparative data.
Figure 3 provides this comparison for cases 1, 2 and 3. The skin friction 7,, was made
dimensionless with the reference quantity psu3 measured at x = 246 mm, which lies
in the ZPG region. Case 1, with the lowest acceleration, shows the breakdown of the
Preston-tube method (A) in the accelerated flow region whereas the wall-hot-wire (o)
and the surface-fence (V) data collapse onto each other. Case 2, which like case 4 has
a highly accelerated flow region with laminar-like flow, shows the departure of the
surface-fence data (V) from those of the wall hot wire (@) and the oil-film technique
(N) in the region around x ~ 1.65m. The breakdown of the Preston-tube method
is of course due to the failure of the standard log law. The surface fence must be
small enough not to extend beyond the viscous sublayer. It is then not dependent
on the logarithmic law. However, it is calibrated for mean values of the skin friction
against the mean value of the pressure difference over the fence. Since the behaviour
of the system of flow over the fence, tubing, and pressure transducer is nonlinear, a
change in the turbulence structure causes a change in the calibration function. One
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FIGURE 4. Streamwise development of the pressure coefficient ¢, . the acceleration parameter K,

and the skin-friction coeflicient ¢y, in a turbulent boundary layer with a favourable pressure
gradient (case 1).

criterion for a changed turbulence structure is a change of the skewness Sy, of the
shear stress. In the ZPG region where the fence was calibrated S, is approximately
1 whereas it reaches a peak value of 3.1 for case 2 at x = 1.65m and here we
see the largest difference between the wall-hot-wire and oil-film data. The wall hot
wire, however, can resolve the instantaneous value of the wall shear stress and its
calibration function for the instantaneous value of the shear stress is independent of
the turbulence structure. The mean value can then be determined from the measured
time series.

3. Discussion of the mean-flow data

A survey of the development of the FPG turbulent boundary layer (case 1) is
presented in figure 4 which shows the streamwise distribution of the static pressure
coeficient, ¢, the acceleration parameter, K, and the skin-friction coefficient, cy,,

__ p(x) —p(ref)

= (3.1)
Pref %pugmf
T, (X)
Chy =T 5 » (3.2)
2pu‘5rej

where p(x) is the wall static pressure, 7,,(x) the mean wall shear stress measured by
the surface fence (M) or the wall-mounted hot-wire probe (O), us,, is the reference
velocity measured by a Pitot-static tube at the reference station x = 2.208 m, and p
and v are the density and the kinematic viscosity, respectively. The pressure p and the
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skin friction 7,, in figure 4 were non-dimensionalized by the dynamic pressure at a
reference station in the ZPG region to show the full extent of the fall in pressure and
of the large increase in skin friction. The acceleration parameter K is plotted in order
to facilitate a comparison with other investigations. The displacement, momentum
and energy thicknesses are defined for an axisymmetric internal flow as

0, = R—(R*—=2RI|)'?; &,=R—(R*—2RI,)"?; 6;=R—(R*—2RI;)"*; (3.3)

with R as the radius of the test section and

o= [ (-2)0-He

(3.4)

I = /0):; (1 — ;‘O) (1 — %) dy, (3.5)
Iy = /05 Z; (1 — ::3) (1 — %) dy. (3.6)

Maximum deviations from the respective definitions for flows along a plane wall were
3.9%, 5.3% and 4.7%. These data show that the corrections made for the axisymmetry
of the flow are small.

In the following we shall discuss the development of the above parameters, espe-
cially their characteristic values, relate them to the behaviour of other characteristic
quantities at these specific locations and then specify certain features of highly accel-
erated but fully turbulent boundary layers. For an easier comparison with subsequent
figures we have marked the flow ranges where the log-law holds and where it fails.

Figures 5(a) and 5(b) show the streamwise development of the acceleration pa-
rameter K, the local skin-friction coefficient ¢;, the Reynolds number Re;,, and the
shape parameter Hj, for the two boundary layers, respectively. Cases 1 and 3 differ
in the peak value of K by a factor of 1.3 with K., = 2.01 x 107%, a value below
3.5 x 107 beyond that at which relaminarization is found to occur (cf. Sreenivasan
1982). Res, increases from the leading edge of the test section, reaches a maximum
at the beginning of the acceleration region and a minimum at the same location as
0,. The boundary layer and with it Re;, grow again with the relaxing acceleration.
In the acceleration region the skin friction rises faster than us; and so ¢y, peaks
approximately at the end of the acceleration region from whereon the fall of 7,
with almost constant u; makes ¢; decrease again (case 3, as shown in figure 5b). In
case 1 (figure 5a) the distribution of ¢y, shows a small double peak pattern which
is not seen in figure 4 where ¢, was plotted for the same case. A recheck of the
data excludes faulty measurements and we may see here the boundary between a
laminarescent boundary layer and one close to the start of relaminarization. In the
latter case the decrease of ¢; is much larger than for the laminarescent boundary
layer (see figures 3 and 4 of Part 2). The shape parameter Hj, decreases as the
boundary layer enters the favourable pressure gradient and reaches a minimum value
of 1.24 (case 1) which agrees — accidentally since the peak values of K are different
(see table 1) — with the minimum value found by Blackwelder & Kovasznay (1972).
Case 3 has a smaller acceleration and a higher initial Res, and consequently only
reaches a higher value of the minimum shape parameter (Hyymin = 1.34). With the
same initial Reynolds number as in case 3 but with higher K., (the actual value is
probably larger than 2.5 x 107%) Patel & Head (1968) obtain Hj,ni, = 1.2. Further
downstream H;, increases again to the value of that in a ZPG boundary layer as
does the skin-friction coefficient. This behaviour is the opposite to that found in

0o
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FIGURE 5. Streamwise development of the Reynolds number Res,, the shape parameter Hi,, the
skin-friction coefficient ¢;, and the acceleration parameter K in a turbulent boundary layer with a
favourable pressure gradient (lines are for visual aid only). (a) Case 1. (b) Case 3.

a boundary layer downstream of a relaminarization region (see Part 2) where the
boundary layer must build up its turbulence structure again and then relaxes to the
ZPG conditions. Figures 6(a) and 6(b) show the mean-velocity profiles in inner-law
scaling in comparison with the standard logarithmic law of the wall (the constants
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Author Re(;z K x 106 —AP X 101 A, X 106 —ﬂ cr X 103 m Hi, Hs,

Case 1 2685 1.18 16.0 61.6 2.35 3.70 109  1.34 1.805
2442 1.69 204 55.6 2.79 393 185 131 1.822
Case 2 1045 1.35 12.5 48.6 0.88 4.57 275 141 1.784
924 2.64 214 60.5 1.34 5.0 6.58 135 1.815
Case 3 5309 0.49 7.9 228 3.23 3.22 797 132 1.806
4462 0.96 12.5 322 3.02 3.73 178 126 1.838
Case 4 2574 0.11 1.68 15.0 0.25 3.22 0.64 141 1.774
2290 0.13 15.2 50.5 2.07 3.89 8.04 138 1.799
PH 1892 0.99 11.7 — 1.08 3.51 — 135 —
1857 2.19 21.0 — 2.42 3.86 — 134 —
PH 5179 0.60 9.4 — 2.57 3.05 — 132 —
4446 1.75 21.0 — 5.38 3.18 — 129 —
BR 275 3.06 19 — 0.43 5.82 — 148 —
264 5.0 30 — 0.61 6.0 — 139 —

TaBLE 2. Boundary layer parameters: PH denotes Patel & Head (1968) and BR denotes Badri,
Narayanan & Ramjee (1969)

are k = 0.40 and C = 5.10). The legend of the figures gives the corresponding values
of R;,,u, and x, the latter to facilitate a comparision with figures 4, 5(a) and 5(b).
The profiles show good agreement with the log law in the ZPG region upstream
and in the mild FPG upstream and downstream of the acceleration region where the
boundary layer is characterized by near equilibrium of the production and dissipation
(Townsend 1961).

Beginning the discussion of the profiles with case 1 (figure 6a), one finds that with
higher acceleration, as marked by low values of Res,, the mean-velocity profiles lie
above the straight line. Such a behaviour is also observed in velocity profiles in the
late stage of transition where equilibrium has not yet been reached. The departure of
the mean velocity distribution from the log law is less pronounced for case 3 where
the peak acceleration is smaller but where the dominance of the negative pressure
gradient is also confirmed. There are, however, two profiles — denoted by O in each
case — which lie below the standard log law for y* = 150. For this behaviour we have
no explanation at present. It is interesting to note that both types of profiles occur
at approximately the same values of Re;, and Hi, but at very different values of K
as is demonstrated in figure 7 where we have presented three profiles from cases 1, 3
and 4. An obvious question that arises here is whether a parametric criterion for the
departure of the mean velocity profile from the standard log law can be established.
Table 2 presents the relevant parameters of cases 1 to 4 and respective values from
other investigations.

To the parameter K we have added the parameters

v dp(S
Ay = — :
p u%p dx > (3 7)
Vo v 0t
Ay =—=—— 3.8
pui  piady (38)
defined by Patel & Head (1968) as well as
_ Ordps

T, dx ’ (39)
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FIGURE 6. Profiles of the mean velocity in inner-law scaling in a turbulent boundary layer with a
favourable pressure gradient. (a) Case 1. (b) Case 3.
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FIGURE 7. Profiles of the mean velocity in inner-law scaling in a turbulent boundary layer with
approximately the same Re;, and Hj, but with a different acceleration parameter K.

the shape parameters Hy, and Hsz, = 03/0; and finally m, defined by
m=:(x/us)dus/dx , (3.10)

the parameter in the Falkner—Skan equation (e.g. Loitsianski 1967). Comparing the
above list of parameters in order to find a criterion for the limit of validity of the
log law, only Hs, shows an approximately constant value which may serve as such a
criterion, with Hs, < 1.80 as an upper limit. This value is independent of Res, in the
range investigated but we have no satisfactory physical explanation for its showing
this limiting value. Instead we prefer to offer an observation of the changes in other
flow properties which occur when the mean profile departs from the standard log
law. One of them is the observation that at the same Reynolds number Re;, the
skin-friction coefficient should reach a value 10% above the value of ¢; for a ZPG
boundary layer at the same Re;, before the profile deviates from the standard log law
(figure 1). This criterion holds for Res, = 1000.

Another observation concerns changes in characteristic fluctuating quantities (case
1) as shown for example in figure 8. Here we note that the departure from the log
law occurs approximately after a 10% decrease of (/2 /u?)max and of (z2)'/2/7,, from
their respective ZPG levels. Unfortunately we do not have similar data for case 3 but
we find the same results for cases 2 and 4 (see Part 2, figure 7).

As for other criteria, Patel & Head (1968) found major departures from the standard
log law if their parameter 4, reached values of —0.0245. Only cases 1 and 2 approach
this value, with —0.020 and —0.021. In cases 3 and 4 4, does not reach more than 50%
and 35%, respectively, of the ‘critical’ value. 4, would have been a plausible parameter
since it results from the boundary layer equations when non-dimensionalized in inner-
law scaling. Figure 9 presents the mean-velocity profiles (case 1) in outer-law scaling,
where 4 = Jqus/u, is the Rotta—Clauser length. Agreement with the straight line
which describes the mean-velocity distribution in a ZPG boundary layer (Fernholz
1969) shows that the upstream profiles follow the ZPG equilibrium behaviour and
that the profiles downstream of the acceleration region have not yet fully recovered
equilibrium at the last measuring station. This indicates that the velocity distribution
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FIGURE 8. Streamwise development of the skin-friction fluctuation, the skewness and the flatness
of 7/,, and the maximum value of the dimensionless Reynolds normal stress component in a FPG
turbulent boundary layer (case 1).
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FIGURE 9. Profiles of the mean velocity in outer-law scaling in a FPG turbulent boundary layer.

Case 1.

in the outer region returns to equilibrium more slowly than in the inner region (figure
6 a) which is consonant with the strong upstream history effects affecting the large
structures in the outer region.

4. Discussion of the turbulence data

Turning to the turbulence quantities, one should note that all four components of
the Reynolds stress tensor were measured (see Warnack 1996 for details), but only
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FIGURE 10. Profiles of the Reynolds normal stress component pu? in a FPG turbulent boundary
layer (non-dimensionalized by u.,). Case 1.

the Reynolds normal stress component pu2, the Reynolds shear stress pu'v/, and
the respective production terms u'v’ 0u/0y and v'20ui/dy will be discussed in detail.
Figure 10 presents pu>—profiles, non-dimensionalized by pu? at the reference station
(x = 2.21 m), against y/o in order to show the influence of the FPG on the absolute
value of the Reynolds normal stress. Compared with the ZPG reference profile (e),
the Reynolds normal stress increases strongly in the near-wall region (y/6 = 0.1)
in accordance with the rise of u, (also observed by Sreenivasan 1982) and remains
almost constant in the outer region (y/é > 0.6) even if the flow is highly accelerated.
A distinct change occurs in the centre region where the pu’2-profiles reach a minimum
when the mean velocity profiles have their maximum deviation from the standard log
law and where both Re;, and H,, reach their respective minimum. From here on, the
pu?-profiles rise again in the centre region to a level at the last measuring station
which is about a factor of 3 higher than for the initial profile. The near-wall behaviour
of pu? is shown more clearly when the data (case 1) are plotted in inner-law scaling,
with the locally defined values of u, and v/u, (figure 11). The initial fall in the peak
value of pu? is due to the sharp rise in u, but the subsequent strong increase of
pu'? even leads to an overshoot over the initial profile (Res;, = 3067). Downstream
equilibrium is reached again with decreasing acceleration so that the initial (e) and
the end profile (A) collapse in inner-law scaling. There is no self-similar behaviour
of the FPG profiles in the inner region such as can be observed for ZPG boundary
layers (e.g. Fernholz & Finley 1996). o

For case 3 (figure 26) the peak value of w?2/u? falls until Re;, reaches its minimum
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FIGURE 11. Profiles of the Reynolds normal stress component pu? in a FPG turbulent boundary
layer. Case 1.
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FIGURE 12. Profiles of the Reynolds shear stress pu’'v’ in a FPG turbulent boundary layer
non-dimensionalized by U, Case 1.

and then rises again until the end of the measuring region N without reaching the
level of the initial profile (o). The reason for the lower level of (u?2/u?)n., may be
that the profile had not reached its fully relaxed state or that the high value of the
effective length /* makes the hot wire see a value which is too low in the wall region
(up to 30% according to the data collected by Fernholz & Finley 1996).

The location of the peak values varies little and lies in a range 14 <y} < 19
which is close to y . ~ 14, the respective value for a ZPG boundary layer (Fernholz
& Finley 1996). This is in contrast to measurements of Blackwelder & Kovasznay
(1972) who note that the location of the maximum moves outwards from the wall.

Figure 12 presents the Reynolds shear stress profiles pu'v’ for case 1, non-
dimensionalized by (pu?),.;, and plotted against y/6. The first two profiles show
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FIGURE 13. Profiles of the Reynolds shear stress pu'v’ in a FPG turbulent boundary layer. Case 1.

ZPG-like behaviour in that (u'v'/u?)max is approximately 0.9. Then the FPG causes
pu'v’ to rise sharply in the near-wall region, as the profile adjusts itself to the growth of
the wall shear stress. With decreasing acceleration the pu'v'-profiles move away from
the wall in the centre region of the boundary layer, a process which concurs with the
behaviour of the normal stress (figure 10). With the above scaling the Reynolds shear
stresses fall on one curve for y/0 > 0.55 independent of the pressure gradient, i.e.
they remain practically constant. This is in agreement with the results of Blackwelder
& Kovasznay (1972).

In inner-law scaling (figure 13) the same profiles display a different behaviour. Since
pu'v’ lags behind the growth of u?, the Reynolds shear stress profiles decrease sharply
until the minima of both Res, and H, are reached. Then pu'v’ can adjust to the high
level of u, and comes close to the initial profile. With increasing acceleration the peak
of wv'/u? not only decreases but shifts by way of an as yet unexplained twin-peak
distribution (1) from the outer region towards the wall. The decline of the outer peak
is accompanied by a relative fall of the Reynolds shear stress distribution, with a
plateau at about 0.2 (H) at x = 3.31 m, the location where 7,, reaches its maximum
(figure 4). The near-wall maximum is consequently higher by a factor of three.

Sreenivasan (1982) noted that the excessive thinning of the highly accelerated
boundary layer in a laboratory wind tunnel renders the near-wall region almost
inaccessible even to miniature X-wires and so measurements of v/, w' and w'v’' are
hard to obtain. In the case of the Reynolds shear stress pu'v’ this difficulty can
be overcome because in a FPG boundary layer the maximum value of the total
shear stress 7, is at the wall and this value can be determined from skin-friction
measurements. The distribution of the total shear stress in the near-wall region can
then be obtained by, for example, a cubic interpolation curve between the wall shear
stress and the last measured values of 7, with 7, = pu/v’ far enough away from
the wall. From this the molecular shear stress, obtained from near-wall measurements
of w with a miniature normal hot wire, was subtracted from the interpolated data
of 7, and the Reynolds shear stress determined. Figure 14 shows this extension of
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FIGURE 14. Profiles of the Reynolds shear stress pu'v’ in a FPG turbulent boundary layer.
Case 3 (« data are extrapolated between this point and the wall).

the near-wall Reynolds shear stress data for the boundary layer with the higher Res,
(case 3).

Figures 15 and 27 present the streamwise development of the maxima of all four
components of the Reynolds stresses for cases 1 and 3, respectively.

The data points connected by a dashed curve are those measured as close to the
wall as possible but are still lower than the actual peak values. They were included
because they provide at least a qualitative trend. The curve of the peak value u’? made
dimensionless by (u2),.; shows a monotonic increase through the acceleration region
and a levelling off onto a plateau from above downstream of the acceleration region.
This behaviour is characteristic of the distributions (u/*/ uf Imax for the four Reynolds
stresses and can be explained by the higher loss of kinetic energy of the mean flow in
a FPG than in a ZPG boundary layer (see Rotta 1962, his equation 8.9.) Normalized
with the local u, the maximum values of all four components of the Reynolds stress
decrease, beginning at the start of the acceleration region (x ~ 2.80m), but this
decrease is due to the sharp increase of u, only. With decreasing acceleration the
Reynolds stresses increase faster than u, and their ratios (u/u?)max reach the initial
values again.

In both figures (15 and 27) the validity range of the standard logarithmic law is
marked and we note that the departure of the mean-velocity profiles (cf. figures 6a
and 6b) occurs when the peak value of u2/u? falls approximately below 90% of its
value for a ZPG boundary layer at the respective Reynolds number. Here we can use
the ZPG upstream values as a reference.

The growth of the Reynolds stresses requires a corresponding growth of the
turbulence production in the near-wall region as expressed by the two production
terms |u'v’| 0u/dy (for the Reynolds normal stress and the turbulent kinetic energy)
and v"2 0u/dy (for the Reynolds shear—stress) in the transport equations.

The production profiles |u'v'| du/dy for case 1, made dimensionless by u’ and the
displacement thickness J; (according to Rotta 1962) at the reference station, are
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turbulent boundary layer (lines are for visual aid only, the dashed curves connect data points which
were those measured nearest to the wall). Case 1.

plotted against y/d in figure 16 and should be compared with the Reynolds normal
stress profiles u’2/ ufrd in figure 10.

Figures 16 and 10 are strikingly similar. We note that the production remains little
changed for y/d = 0.6 but that it increases in the inner layer when the acceleration
starts and increases in the centre region by about a factor 10 over that of the initial
profile at the last measuring station. Since u/v' rises only by about a factor 3 (figure
12) in this region, the rise of the production is also caused by an about equal increase
of the mean shear du/0y.

Figure 17 shows the profiles of the production term (measured and interpolated
u'v’ data) non-dimensionalized by inner-law quantities u*/v and plotted against yu,/v.
This scaling shows that the location of the peak value of [(v/u%)u'v' 0u/dy] is almost
independent of Re;, in the range 826 < Res, < 5814 (the data of case 3 are not shown
here).

The location of the peak of the production profile corresponds closely with that
of the Reynolds normal stress p u2 and lies in the range 13 < y* < 17. The height
of the peak varies between 0.24 and 0.13 where the smaller values are partly due to
the increase of u, by a factor of 3. Nevertheless, there is a strong absolute increase
of the production term in the near-wall region during the acceleration (figure 16).
The production profiles do not show, however, the overshoot which occurred with
the Reynolds normal stress profiles (figure 11). o

Figure 18 presents the distribution of the production term v2 ¢u/dy for the Reynolds
shear stress (case 1), and now figures 18 and 13 correspond very closely with each
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dimensionalized by reference quantities (x = 2.20 m) in a FPG turbulent boundary layer. Case 1.
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FIGURe 17. Distribution of the production term for the Reynolds normal stress component in a

FPG turbulent boundary layer. Case 1 (lines denote extrapolated data).
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FiGURE 18. Distribution of the production term for the Reynolds shear stress pu'v’ component in a
FPG turbulent boundary layer. Case 1.

other, i.e. the production term determines the Reynolds shear stress profile. Note for
example the twin-peak configuration (N) and the equivalent production profile in the
outer layer. The production profiles have in common that their peak is in the inner
layer but neither location nor magnitude of the peak could be determined in this case
since v"2 could not be interpolated in the same manner as u/'v'.

The maximum of the production term (u'v' 0u/0y) is difficult to obtain from mea-
surements, as discussed above, but its value can be calculated. Under the assumptions
that the pressure gradient dp/dx is zero and that the boundary layer flow in the
immediate vicinity of the wall is parallel (v = 0), Rotta (1962, p. 70) derived a simple
expression for the maximum of the production term non-dimensionalized in inner-law
coordinates for a ZPG boundary layer:

<—u’v’ ou v

ul Ay u

> =0.25. (4.1)

Taking into account the pressure gradient, it is possible to derive a more general
expression which holds for FPG boundary layers and where the assumption of
parallel flow is necessary only up to the edge of the buffer layer:

—uv v ou 4,47
- =025(14+ 4,5 (1 — —2— 4.2
< wou, 0y>max 1+ 4p3) ( ( —AAp)2> 42
where
A% 1 dp + ymaxur u3p armnl
= ———— = A = i . 4.
p p ug dx, y]n V 2 2v ay max ( 3)

The location y; of the production maximum and (0T,u/0y)max Must be obtained
from the respective profile or estimated.

A comparison between values calculated from equation (4.2) and the measured
maxima of the production term (u'v'/u?)v 0u/dy is shown in figure 19(a) and the
maxima as a function of the acceleration parameter 4, in figure 19(b). The agreement
is good until the maximum decreases below approximately 0.15 or if 4, exceeds
about 0.016. For such highly accelerated flows it is no longer possible to neglect the
inertia terms in the near-wall region as is appropiate for ZPG and moderately FPG
boundary layers.




An axisymmetric turbulent boundary layer. Part 1 349

@ (b)
0.25 omw0.25%
L) =0
s 020} YA § 020" *a2
E o ‘3 ° o
x S ®
(U o ~ g D
£ 015} 4 > 015t g
- < s
8 2 N
& o010} 8 -5 0.10f °
® o gase%
. 1 ase
0.05 0.05 7 7 Case
meas.
1 1 | 1 1 it 1 1 1 1 ]
0 005 010 015 020 025 0 001 002 003 004 005
Prod. maXeas. 4,

FIGURE 19. (a) Comparison between measured and calculated maxima of the production.
(b) Production maxima plotted against 4, (equation (4.2)).

o
A owm vV X
o
5 o ha % .
b oo & v L4 o &
x o L0
4 o v v < o 7%
F L o o | ] . X x
u' . 7 x x4 P x
el a & ° » o %
g‘v Oéyxﬂ.om o x‘oxqou W Re(YZ ST'W FT'W
3l Y . 2549 09 45
o 2188 1.0 4.7
v 1627 1.2 5.9
. » 1587 1.3 5.7
211 x 1784 1.0 43
. 2746 11 4.6
1V
100 ¥ el
7
E g
iy -
&3,
%v o ° x % V'BEAW-D x
9u v® a e x X * AER .
Sy -4 ano
s B
-2 ) Ll Ll . ‘..,.°.|'VX‘. L
10° 10* 10? 10° 10*
yu,/v

FIGURE 20. Profiles of the skewness S, and flatness F, in a FPG turbulent boundary layer in
inner-law scaling. Case 1 (symbols with a ' denote WHW data).

From among the higher moments figures 20 and 21 present the skewness and the
flatness of ' in inner-law scaling for cases 1 and 3, respectively. A first inspection
shows that the profiles of both cases are qualitatively similar and that there are also
similarities with skewness and flatness profiles in ZPG boundary layers (cf. Fernholz
& Finley 1996). Figures 20 and 21 show:
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FIGURE 21. Profiles of the skewness S, and flatness F, in a FPG turbulent boundary layer. Case 3.

(i) independence of the Reynolds number and of the FPG in the viscous sublayer
and the buffer layer for the S, and F,, profiles;

(i1) for the initial ZPG profiles and the profiles relaxing from the acceleration there
is also no dependence on Res, in the standard log-law region (S, = 0 and F,, ~ 2.80)
(see also Fernholz & Finley 1996, their figure 66); o

(iii) as with ZPG boundary layers the y™ position of the maximum of 2, the
minimum of F, and the zero value of S, coincide within a small range (see the
discussion in Fernholz & Finley 1996). This range is within 14 < y* < 21, slightly
higher than for the ZPG data (y* ~ 14) in the same Reynolds-number range. This
means that the higher moments S, and F,, are not affected by the FPG in the viscous
sublayer and in the buffer layer. Effects do occur, however, in the log-law region
where F,, increases by up to 60 % for case 3 (figure 21) before it finally rises to
values much larger at the boundary layer edge where they indicate the ‘intermittency’
between turbulent and non-turbulent periods of the flow. The increase in the log-law
region is in accordance with the rise of pu? and the increase of production which
we have noticed above. Note that the higher values of F, are to be found in the
boundary layer with the higher Reynolds number.

Wall values for the skewness and flatness for the profiles of case 1 were measured
by means of a wall-mounted hot-wire probe and are given in the legend of figure 20.
They show an increase of about 30% for both S;; and F, in the region where the
acceleration is high and then fall again to the initial values (ZPG). The higher values
of the flatness are a measure of an increasing number of events far from the mean



An axisymmetric turbulent boundary layer. Part 1 351
14

(@ S
1.2} %ﬁ WA
1.0
E,'zjllz 0.8
EU’ 0.6

04+
0.2
0 1 I N N B B I T R A | L T T R B A
10! 10? 10° 10
yu./v
14
b
Ll @
10}
v =V lv av V.DDAV;
’El/z 0‘8 i VD VD ' : ’ . a o, A g f&
7 i 5a a AL 4 S b4
s A & A
U E 06 Y Re,  x(m)
—— 2549 221
0.4 o 2188 311
v 1627 3.28
0.2 = 1587 331
“r & 2096  3.66
A 2746  3.96
O 1 1 1 1 11111 1 1 1 1 11111 1 1 | 1 1111
10 10? 10° 10
yu, /v

FiGuREe 22. Distributions of the anisotropy parameters in a FPG turbulent boundary layer. Case 1.
(line is for visual aid only). (a) (v2/u’)/2. (b) (w2/u2)"/2.

value which correspond with the increase of the fluctuating component u’ and could
confirm an increased burst rate.

The behaviour of the turbulence structure affected by the FPG is also shown
in the distributions of the structure or anisotropy parameters (v'2)/?/(u?)"/? and
(Ww?2)172 /(w?)V/? in figures 22(a) and 22(b). Figure 22(a) presents the v’-anisotropy with
the ZPG distribution (o) dividing the profiles in the acceleration region from those in
the recovery region; v’-anisotropy distributions for ZPG boundary layers in the same
Res,-range as covered here almost collapse on a single curve (e.g. Fernholz & Finley
1996, their figure 62) and show a distinct peak in the outer region (confirmed by
the DNS of J. G. Brasseur 1994, personal communication). The FPG data in figure
22(a) are qualitatively similiar but show a slightly higher absolute peak value (1.4
against 1.2) and, for y* > 200, an increase of v’ over ' in the acceleration region and
an undershoot in the relaxation region. This suggests that the production of pu? is
affected by the acceleration before that of pv’2 and that the process is reversed in the
relaxation region.

For the w'-anisotropy parameter (figure 22b) a comparison with the ZPG case (0)
is also possible (e.g. Fernholz & Finley 1996, their figure 64), and the distributions
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are again qualitatively similar except for the range 200 < y* < 1000 where one
finds an increase and decrease in the acceleration and relaxation region, respectively.
The departures from the ZPG case are smaller, since w' can only be changed by
redistribution of the energy contents of the components of the fluctuation velocities
and not by direct production in a two-dimensional boundary layer.

5. Eddy-viscosity distribution in a laminarescent and a relaminarizing
boundary layer

Since eddy-viscosity models still play an important role in numerical calculations
of turbulent boundary layers, the present measurements can be used to examine
differences in eddy-viscosity distributions of FPG turbulent boundary layers with
and without laminar-like states. Comparisons for ZPG and APG were performed
by Head (1976) and extended to reattaching wall-bounded shear flows by Johnson,
Menter & Rumsey (1994). Previous investigations have concentrated on pressure-
gradient effects and neglected the importance of the Reynolds number for the eddy
viscosity. We shall therefore discuss the effects of both parameters for a laminarescent
and a relaminarizing boundary layer.

Figures 23(a) and 23(b) show the distribution of the eddy viscosity v, made dimen-
sionless by the kinematic viscosity v and plotted against y* in order to emphasize the
development in the inner region of the boundary layer for cases 1 and 2 (discussed
here rather than in Part 2). The initial profile (ZPG) is denoted by a line to facilitate
the discusssion. Peak values which represent absolute maxima here vary between
about 25 and 100 with the higher values for the higher Reynolds number, almost
independent of the pressure gradient in each case. At the outer edge of the boundary
layer the scatter is rather large due to the small values of the quantities and some of
the data are omitted.

Inspecting the profiles in the ZPG region (Re;, = 2549 and 862) first, one finds
them to be self-similar for y* << 60 and with the location of the peak moving towards
the wall for the smaller Res,. The distributions do not show a clear trend due to the
influence of the pressure gradient. The v,/v-profiles reach considerably lower values
however (about 50%) when the boundary layer is laminar-like (figure 23b). In order
to obtain a clearer picture of the relationship between v; ., and the pressure gradient,
Vimax/Us01 Was plotted against the acceleration parameter K in figure 24 for cases
1 and 2. For K — 0 the peak values agree with those given by Head (1976), i.c.
approximately 0.02. With K increasing, the maximum value rises by about 30% up
to about K = 2 x 107%. From here on the increase is stronger but in case 1 the
acceleration parameter decreases in the relaxation region whereas K still rises in case
2. So these two flows certainly present a challenge for low-order turbulence models.

6. Discussion

This discussion section deals with items which have not yet been covered by the
preceeding sections or need further attention. The first topic deals with the breakdown
and recovery of the standard logarithmic law which has been investigated here in an
accelerated turbulent boundary layer without relaminarization in the parameter range
K <2 x 107% and with initial Reynolds numbers Res, = 2549 and 5915, respectively.
The departure of the mean velocity profile from the log law has been observed earlier
(e.g. Patel & Head 1968), and discussed by Sreenivasan (1982), for example, but we
still cannot present a parameter criterion (see table 2) for the onset of the departure or
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FIGURE 23. Profiles of the dimensionless eddy viscosity v;/v in a FPG turbulent boundary layer
(line is for visual aid only). (a) Case 1 (laminarescent). (b) Case 2 with relaminarization.

for its end. Since the breakdown of the log law is a gradual process, as has been stated
by earlier investigators, we probably should not expect to find such a criterion but
should look for changes of turbulence quantities, especially in the near-wall region of
the boundary layer. Such quantities are the peak value of the Reynolds normal stress
(2 /u?)max and the ratio of the fluctuating and the mean skin friction (t2/72)Y2. If
they are about 10% below their respective ZPG level (here that of the value of the
initial profile, e.g. figure 8), the breakdown has occurred. The standard log law holds
again downstream of the acceleration region when local equilibrium in the near-wall
region is regained, i.e. specifically in the present case when the ZPG condition is
reached.

Secondly, a criterion would be useful which could distinguish between highly
accelerated boundary layers with and without laminar-like regions. Again we see
a gradual process (cf. Narasimha & Sreenivasan 1973) and this is reflected by a
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FIGURE 24. Distributions of the peak values of the eddy viscosity v, in two FPG turbulent
boundary layers with and without relaminarization.

range of the pressure gradient parameter K = 3 x 107°. Such a criterion is certainly
dependent also on the initial Reynolds number of the boundary layer concerned.
The present measurements suggest that a possible criterion for the occurrence of
conditions favourable to relaminarization could be the ‘short’ double peak pattern
in the developement of the skin-friction coeflicient ¢; (e.g. figure 5a). This does not
occur in case 3 where the boundary layer is less strongly accelerated. But both fully
turbulent accelerated boundary layers appear to be characterized by K.y, ¢y, and
Hi,,,, coinciding at about the same x—position (figures 5a and 5b) with the lowest
value (H12)min =1.19 at Re(;2 = 2423.

The last phenomenon to be discussed is the relaxation process downstream of
the acceleration region. Here we have a case where a change in pressure gradient
is imposed which is both large and rapid (Smits & Woods 1985). Since there is no
consensus as to what is a large and rapid change in pressure gradient nor where
the relaxation of the turbulence structure from this pressure gradient begins, both
can only be defined for each specific case. For cases 1 and 3 we present the peak
value of K.x and values of K5 and K at the start and the end of the acceleration
region, respectively, with ds as the 0.995 boundary layer thickness at the location of
Ks; Axsg/0s then provides a characteristic length ratio for the acceleration region of
about 15 (table 6).

The maximum relaxation length available in the present experiments is determined
by the distance Axgr between the location where Re;, has its minimum and the last
measuring station. do is the boundary layer thickness at Res, min.

Since effects produced by a pressure gradient are felt more rapidly near the wall
than in the outer layer (e.g. Smits & Woods 1985), the relaxation process downstream
of the pertubation should be felt more quickly in the near-wall region than in the
outer region. For the mean velocity profile this would mean that the standard log
law has recovered first (figure 6a), before the profile has adjusted itself to the outer
law (figure 9). Figures 6(a) and 6(b) show that the mean profile follows the log law
approximately after 130o and 6o, respectively. The Reynolds stresses should adjust
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A A
Case dg(mm) Axgp(mm) —x Ks x 10® K. x 106 K x 10° §p(mm) Axg(mm) X Res, min

bs 50
1 42.0 600 14.3 0.08 2.01 0.08 26.7 650 24 1587
3 44 .4 700 15.8 0.04 1.53 0.03 14.7 450 30.6 1665
TABLE 3

themselves more slowly with the recovery growing outwards. This can be seen in
figures 10 and 13 where neither the pu’?- nor the pu'v'-profiles have quite reached
equilibrium in the outer layer at the last measuring station.

7. Concluding remarks

This paper presents the results of an investigation of the effect of a favourable
pressure gradient (K < 2 x 107°) on the mean and fluctuating quantities of two fully
turbulent (laminarescent) boundary layers. The initial Reynolds number upstream
of the acceleration region was Res, = 2549 and 5915, respectively. In both cases
turbulence played an active role throughout and laminar-like profiles — as described
in the companion paper (Part 2) — were not observed. The acceleration was, however,
strong enough to cause a breakdown of the standard logarithmic law (see e.g. Patel
& Head 1968). None of the criteria for this breakdown presented in earlier references
could be confirmed and instead changes of the maximum value of the Reynolds
normal stress (u2/u?)!/? and of (v2/72)"/? about 10% below their respective ZPG
level are more suitable indicators of this gradual breakdown. Other characteristic
features of highly accelerated turbulent boundary layers without relaminarization are
the coinciding of Kpay, ¢fmax and Hiymin at about the same x-position (figures 5a and
5b). The relaxation length downstream from the acceleration region was long enough
to re-establish the log—law and for the mean flow and the turbulence structures to
return almost to ZPG equilibrium conditions. -

The distribution of the non-dimensionalized maxima (u;u}/ u?)max Of the Reynolds
stresses shows a plateau—valley—plateau formation in the streamwise direction indicat-
ing that the mean wall shear stress rises much more strongly than the peak Reynolds
stress in the FPG boundary layer (figures 15 and 27). The range of the fall and rise
of the respective peak values coincides with the range where the standard log law
breaks down.

The distributions of the non-dimensional production term (figures 16 and 17)
explain the behaviour of the Reynolds normal stress (figures 10 and 11) in the FPG
region. The maximum of the production term can be calculated if the parameter
4,, the position of the maximum y;,, — which varies between 12 and 18 in cases
1 and 3 — and an additional correction term A4 (see equation (4.3)) are known. The
skewness S, and flatness F,, distributions resemble those in a ZPG-boundary layer
(e.g. Fernholz & Finley 1996) except in the highly accelerated region where, in the
range 30 < y* < 130, S, is negative (reaching values as low as —1) and F,, is larger
by about 60% (figure 20). In case 3, where the Reynolds number is higher than in
case 1, the flatness shows very elevated values in the outer region of the boundary
layer (figure 21). Finally the eddy viscosity profiles are presented showing that the
challenge for turbulence modelling will probably lie more in the relaxation region
downstream of K, than in the range where K increases steadily.
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