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A turbulent equilibrium boundary layer near
separation
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The experimental results for an equilibrium boundary layer in a strong adverse
pressure gradient flow are reported. The measurements show that similarity in the
mean flow and the turbulent stresses has been achieved over a substantial streamwise
distance where the skin friction coefficient is kept at a low, constant level. Although the
Reynolds stress distribution across the layer is entirely different from the flow at zero
pressure gradient, the ratios between the different turbulent stress components were
found to be similar, showing that the mechanism for distributing the turbulent energy
between the different components remains unaffected by the mean flow pressure
gradient. Close to the surface the gradient of the mixing length was found to increase
from «; ~ 0.41 to x, ~ 0.78, almost twice as high as for the zero pressure gradient case.
Similarity in the triple correlations was also found to be good. The correlations show
that there is a considerable diffusion of turbulent energy from the central part of the
boundary layer towards the wall. The diffusion mechanism is caused by a second peak
in the turbulence production, located at y/8 = 0.45. This production was for the
present case almost as strong as the production found near the wall. The energy budget
for the turbulent kinetic energy also shows that strong dissipation is not restricted to
the wall region, but is significant for most of the layer.

1. Introduction

Turbulent flows subjected to strong adverse pressure gradients are frequently found
to be a challenge to prediction methods (e.g. Wilcox 1993). In the report from the
evaluation committee of the 1968 Stanford Conference on computation of turbulent
boundary layers (Cockrell et al. 1968) the equilibrium boundary layer in a moderate
adverse pressure gradient of Clauser (1954) was pointed out as being the flow giving
the most trouble. If the strong gradient quickly leads to separation, the flow in this
region is dominated by pressure effects and the modelling of the turbulence quantities
in this region will not be critical for the overall boundary-layer results. However, the
problem becomes more severe in flows which are affected by strong adverse pressure
gradients acting over considerable streamwise distances. In such flows the choice of
turbulence model may be quite essential for the predicted results.

The experiment to be reported here was initiated to provide more information about
the terms that must be modelled in this type of flow. It was considered essential to
produce a flow that was influenced by a strong adverse pressure gradient for a long
streamwise distance for history effects to be important. From a computational point of
view the equilibrium type of flow (defined in e.g. Clauser 1954 and Townsend 1976)
appears attractive, since the profiles at different stations are similar when properly
scaled, while the velocities in physical space may still undergo rapid streamwise
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changes. Despite the experience from the 1968 Stanford Conference this should
simplify the predictions. Equilibrium layers are also attractive when it comes to
extracting information from the data. Once the similarity is established, gradients in
the streamwise direction may be estimated with much higher precision than if the flow
varies in a more random manner.

The simplest class of similarity boundary layers is the zero pressure gradient flow.
However, according to Townsend (1976), this is not a true equilibrium flow since some
of the requirements for complete similarity are that the skin friction coefficient, C;, and
the shape factor, H, should be constant. (See §3.1 for further discussions about
similarity.) In the zero pressure gradient flow neither C; nor H are constant, but
decrease slowly downstream. Since the changes are very slow, the equilibrium
conditions are approximately satisfied. To obtain constant skin friction the flow may
either develop on a rough surface or be submitted to some well-defined pressure
gradient. Some equilibrium experiments have been reported with streamwise pressure
gradients, both favourable and adverse (e.g. Clauser 1954; Stratford 1959; Bradshaw
1967; East & Sawyer 1979). The main problem has been to maintain the equilibrium
flow over a substantial streamwise distance when the adverse pressure gradient
becomes significant. Clauser (1954) and East & Sawyer (1979) reported considerable
problems in establishing their adverse pressure flows. Stratford (1959) on the other
hand stated that he had no problems generating the much more sensitive flow of zero
wall shear stress. Analysing pressure distribution 1 of Clauser (1954), Mellor & Gibson
(1966) found that the non-dimensional pressure gradient parameter varied by 25% in
the part of the flow claimed to be in equilibrium. Coles & Hirst (1968) found that the
data indicate that the flow was slightly three-dimensional.

The data of Stratford (1959), taken on the curved surface used to generate the
pressure gradient, appear to be dubious for a number of reasons. The inlet to the test
section was only 8 x 8 in.? and with a boundary-layer thickness growing to about 4 in.
the flow must have been affected, at least in the downstream end, by the poor aspect
ratio. Stratford pointed out that secondary flows were likely to be present in the
downstream half of the flow. Unfortunately this is the part of the flow where
equilibrium appears to exist (zero wall shear stress and roughly constant shape factor).
No information about the turbulence field is available for this flow since the
measurements were obtained using Pitot tubes.

East & Sawyer (1979) reported measurements for seven different pressure
distributions, four of which had adverse gradients. Only two of these (cases 4 and 7)
reached a state of constant C,and H for a short distance (of the order of two boundary-
layer thicknesses). Since equilibrium was assumed to exist, measurements of mean
velocity and turbulent stresses were only reported for one station for each case. Hence
the documentation of similarity must be considered incomplete.

In the present study an equilibrium boundary layer was produced at high Reynolds
numbers. A low, constant skin friction coefficient was obtained over a considerable
streamwise distance. At the same time, the flow was kept sufficiently away from
separation to allow conventional hot-wire measurements to be made with acceptable
accuracy. To our knowledge only one equilibrium experiment exposed to a stronger
pressure gradient has been reported (East & Sawyer, case 7), where detailed turbulence
measurements have also been performed. Measurements of the mean flow and
turbulence quantities including third-order moments are reported for all stations,
documenting a well-established equilibrium flow even at higher-order moments.
Sufficient information has been provided to compute the budgets for the turbulent
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kinetic energy and the main shear stress, allowing the effects of adverse pressure
gradients on the turbulent structure to be studied.

2. Experimental details

The experiment was performed in a closed return wind tunnel, fitted with an 11.5:1
contraction leading up to a 6 m long test section as shown in figure 1. The inlet cross-
section was 1400 x 280 mm?, giving an aspect ratio of 5:1. The investigated boundary
layer developed on the flat floor, made of polished aluminium plates. The pressure
gradient was generated by means of an adjustable roof. An initial estimate for the
shape of the roof was obtained using a boundary-layer prediction code. From this
geometry the final shape was iterated by a number of careful adjustments. After each
adjustment a number of velocity profiles at different streamwise positions were
measured using Pitot tubes to check if equilibrium had been established. The final
height of the roof above the test surface (in mm) may be expressed as

h(x) = 280 —49.9x —47.69x% + 89.348x* — 31.358x" + 4.434x° — 0.2289x°, 0

where x is measured in metres from the beginning of the test section. The free-stream
turbulence level, (#%)i/U,, at the first measurement station (x = 3.0 m) was less than
0.35%.

The wall static pressure distribution was measured using 66 wall taps, 1 mm in
diameter, connected to two SETRA transducers by means of two Scanivalves. The first
tap was located at x = 0.1 m and the following taps were located at 0.2 m intervals. At
1 m intervals 7 taps were distributed across the test section to allow the two-
dimensionality of the flow to be checked. The two-dimensionality was also checked by
measurements of the skin friction coefficient across the test section at a number of
streamwise positions using Preston tubes. This showed that C; remained constant
within AC; = +1.1x 107° across the entire span of the test section, corresponding to
+ 18 % of the mean value in the equilibrium region. No indications of secondary flow
type streamwise vortices were found to be present in the boundary layer. The two-
dimensionality of the flow in the freestream was checked at.a number of streamwise
stations by measuring the flow angle in the plane parallel to the test surface by means
of an X-wire traversed across the test section. This angle was found to be symmetric
about the centreline and to vary linearly across the flow. The maximum value was
found close to the edge of the sidewall boundary layers where its value agreed with the
boundary-layer growth rate. The two-dimensionality was also checked by streamwise
integration of the momentum equation using the boundary-layer parameters from the
profiles measured along the centreline. The momentum balance was performed along
the guide lines of Coles & Hirst (1968) and was found to be satisfied over the entire
measurement domain to within 1.9% of U260 at the first measurement station (x =
3.0 m). Finally velocity profiles were measured at a number of stations off the
centreline. No systematic spanwise variations were detected. From these checks it was
concluded that the two-dimensionality of the flow was good.

A 2 mm trip wire, located at x = 0.05 m, was used to ensure that the boundary layer
was turbulent. The boundary layer was allowed to develop under the influence of a
slight favourable pressure gradient for 1 m before the adverse pressure gradient started.
This was done to stabilize and mature the boundary layer over a short distance and to
reduce the effect of the disturbances from the trip wire.

Velocities were measured by means of single hot wire and X-wire probes of different
geometries, allowing measurements of » and v, or u and w, respectively. The wires were
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FIGURE 1. Wind-tunnel working section. The first measurement station is at x = 3000 mm and
subsequent stations are located at 200 mm intervals. Symbols used for the stations presented are also
shown.

made of 2.5 pm platinum — 10 % rhodium Wollaston wire, etched to a nominal wire
length of 0.5 mm, giving a length in wall units of about /* &~ 11. The wire separation
was-about Az" & 6.5. The apex angles of the X-wire probes were kept close to 110°,
since low velocities combined with high turbulence intensities, which would produce
large instantaneous flow angles, were expected near the wall. (See Perry, Lim &
Henbest 1987, and Krogstad, Antonia & Browne 1992, for further discussions about
probe apex angle effects.) All wires were operated with in-house constant-temperature
anemometers at an overheat ratio of 1.5. The hot-wire probes were calibrated in the
tunnel free stream for velocity and angular sensitivity using the effective angle
approach of Browne, Antonia & Chua (1989). The anemometer outputs, low-pass
filtered at 10 kHz, were sampled at 20 kHz at 12 bit resolution to a Compaq 386
personal computer using a 16 channel A /D system from R C Electronics. The data were
sampled for 21 s and transferred to a VAX 3100 cluster for post-processing.

3. Results and discussion
3.1. Egquilibrium flow

It is generally accepted that the flows close to a solid surface exhibit similarity
characteristics when scaled using inner variables, i.e. the friction velocity u, = (r,,/p)?
and the viscous lengthscale u/pu,. This similarity manifests itself in the well-known
viscous sublayer and the logarithmic law of the wall. In order to have similarity also
in the outer flow, the streamwise momentum equation shows that equilibrium in the
velocity defect function and the shear stress profile must be assumed. This may only
be obtained if a number of restrictions on the development of the relevant length and
velocity scales are satisfied (Townsend 1976). These are derived from the equations of
momentum and turbulent kinetic energy. It is found that equilibrium can only exist if
the free-stream velocity, U,, varies as a power of the streamwise distance, i.e. U, ~
(x—x,)"™, where x, is the virtual origin of the equilibrium state. The exponent m is
found to be in the region 0 < m < 0.23 for non-separating adverse pressure gradient
flows (Mellor & Gibson 1966). It also follows that the ratio of the thickness of the inner
and outer layer must be constant and that all lengthscales must be linearly proportional
to the same distance, i.e. L ~ (x—Xx,). This implies a constant shape factor H = 6*/0
where 8* is the displacement thickness and § the momentum thickness. Also the ratio
between the shear and free-stream velocities, u,/U,, must remain constant. As a
consequence the skin friction coefficient, C, and the non-dimensional pressure
gradient, § = (6*/7,,) dP/dx, become constants. When these requirements are fulfilled,
the velocity defect profile and the Reynolds shear stress distribution should be self
similar when scaled with the proper velocity variables. Still there is some disagreement
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in the literature as to what the proper scaling is (see George & Castillo 1993; Perry,
Marusic & Li 1993). It will be shown in the next section that in the present experiment
C,is constant in the equilibrium region. The velocity defect profiles will therefore show
similarity whether scaled in the conventional way as (U,— U)/u,, using u, as the proper
velocity scale for the mean flow, or as (U,— U)/U,, as proposed by George & Castillo.

3.2. Mean flow

In the present experiment a low skin friction coefficient was aimed for. Therefore
reversed flow events may occur close to the wall, possibly introducing severe errors in
the velocity measurements. Separation was found to appear first in the boundary layer
developing along the curved roof used to generate the pressure gradient. After
establishing the equilibrium layer on the test floor, we made sure that all surfaces were
free from separated regions by means of flow visualizations using tufts. In the
equilibrium part of the flow C, was of the order of 6.0 x 107* or about one fifth of the
value expected for zero pressure gradient boundary layers. According to the pulsed
hot-wire measurements of Dengel & Fernholz (1990), C, may be as low as 3.5x 107
before reversed flow is encountered. When inspecting the statistics of the velocity
vector measured by the X-wire probes, no indications of unacceptably large flow angles
were found. Nowhere were more than 0.4 % of the measurements found to lie outside
47 of the apex angle, i.e. about +30°. Thus the measurements are believed to be free
from errors connected to excessive flow angles.

In order to quickly produce a flow with low skin friction, a strong adverse pressure
gradient with dP/dx > 0 and d*P/dx® > 0 was imposed on the flow, bringing it close
to separation. To keep C, constant, the pressure gradient was then relaxed to the
required shape (dP/dx > 0, d®*P/dx* < 0) producing a stable equilibrium boundary
layer. The measurement stations were located at 0.2 m intervals for 3.0 < x < 5.2 m.
Equilibrium was established for 4.0 < x < 5.0 m and only these profiles will be shown.

The friction velocity, « , was obtained in a number of independent ways. By applying
a least-square fit of the law of the wall and a wake function to the measured mean
velocity data, u, may be obtained. The Musker (1979) explicit function was used to
represent the velocity profile. This function applies to both the viscous layer and the
fully turbulent wall region, as well as the wake region in the outer part, where the
Granville (1976) wake function is used. The direct numerical simulation (DNS) results
of Spalart & Leonard (1987) and Spalart & Watmuff (1993) for turbulent boundary
layers subjected to pressure gradients indicate that the law of the wall may be affected
by the gradient. As the adverse pressure gradient increased, the level of the log law was
found to shift down and the apparent value of the von Karman constant, «,,, decreased.
However, the functional dependency is not known and it is also possible that a part of
this shift may be a Reynolds-number effect, since increasing the Reynolds number has
been found to produce similar effects in zero pressure gradient DNS (Spalart 1988).
For the analysis of the present data, conventional values were therefore used (x,, = 0.41
and B =5.2).

The fit procedure contains three unknowns, u,, I7 and § which were obtained by
iteration using a multi-variable optimization technique (Krogstad et al. 1992). (In this
way the definition of the boundary-layer thickness is linked directly to the mathematical
representation of the profile rather than to the imprecise definition of where the mean
velocity reaches a certain fraction of the free-stream velocity, e.g. 99.5%. This
produces values of & which are very sensitive to experimental scatter.) Owing to the
strong pressure gradient, the wake parameter, /7, grew to about 7. This is more than
10 times the value normally accepted for zero pressure gradient layers.
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FiGuRE 2. Development of boundary-layer thickness, 8, displacement thickness, 6*, and
momentum thickness, 4.

x h Symbols U, ) 0 H G £ C,x10° Re, n
[m] [mm] wsed [ms?] [mm] [mm] [-] [-] [-] [-] [-]1 I[-]
3.0 484 — 2235 1090 17.56 1.793 208 122 0900 25400 4.60
32 513 — 2192 1257 20.14 1840 229 140 0797 28420 5.20
34 541 — 2121 1394 2260 1901 248 157 0730 30910 5.65
3.6 567 — 20.53 1538 2484 1936 264 169 0.672 33020 6.00
3.8 591 — 20.10 1672 27.03 1957 27.0 17.3 0.654 34570 6.16
4.0 610 [ 19.81 1856 30.13 2006 292 199 0.590 39120 6.75
4.2 630 A 19.42 199.7 3254 1999 293 200 0.582 41580 6.80
4.4 647 A 19.38 2153 34.83 1989 29.1 19.6 0.585 44420 6.75
4.6 662 | 18.84 231.7 3735 1998 29.6 20.1 0.571 46250 6.85
4.8 676 [ | 18.67 2474 3998 1994 29.6 202 0.567 49180 6.90
5.0 687 o 18.30 263.7 4298 1998 302 21.2 0.546 50980 7.10
52 700 — 18.04 2829 4578 1986 302 21.4 0541 53970 7.15

TaBLE 1. Characteristic boundary-layer parameters in the region 3.0 < x < 5.2 m.

To confirm the C, found from the best fit procedure, Preston tubes of 1.0, 3.0 and
9.0 mm outer diameter were also used, all producing the same values for C;. The skin
friction coefficient was obtained using the calibration curves of Patel (1965) and all
measurements were taken for conditions well within the 6% maximum error limits
specified for adverse pressure gradients. The C, values obtained from the Preston tubes
were consistently found to be slightly higher than the values obtained from the fit. This
could be due to the high turbulence level found near the wall in this flow. The measured
pressure signal is contaminated by the turbulent normal stresses causing the reading to
be too high, which in turn exaggerates C,. The largest difference between C; from the
mean velocity fit and the Preston tube reading was only of the order of 10 %, found in
the equilibrium region where C, was at its lowest. However, the results from the two
methods follow each other closely in the whole measurement domain as may be seen
from figure 4(a). It should be mentioned that if the log law is shifted down by the
pressure gradient, as suggested by the DNS results, a higher C; would be obtained from
the fit, improving the agreement between the two methods.

The experimental conditions are listed in table 1. These are the height of the tunnel
at the measurement stations, as well as the distributions of the free-stream velocity, the
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FIGURE 3. () Streamwise mean velocity plotted in wall variables. Symbols are defined in table 1.
——, U/u, =2.441In(y*)+5.2. (b) Velocity defect profiles.

boundary-layer and momentum thicknesses, the shape factor, the Clauser parameter,
G=(H-1)/ (H(%C,ﬁ), the non-dimensional pressure gradient, the skin friction
coefficient from the mean velocity profile, the Reynolds number based on the
momentum thickness, Re, and the wake strength, I7. Also given are the symbols used
in the successive plots. At these stations equilibrium is assumed to exist.

Figure 2 shows that the lengthscales such as 4, &* and 6 grow linearly with the
streamwise distance for x > 4.0 m, as required for equilibrium boundary layers. In the
equilibrium part the lengthscales have a common origin at x, = 1.74 m. Using this
origin the free-stream velocity distribution was fitted to the equilibrium relation U, =
U,oef(x—x,)"" giving U,,, = 23.6 ms™ and m = 0.22.

Equilibrium implies that the velocity profiles at all stations must be similar in the
inner layer when scaled on inner variables, and in the outer layer when scaled on outer
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FIGURE 4. (a) Streamwise distributions of skin friction coefficient, C,, and shape factor, H. O, best
fit to mean velocity profiles; <, Preston tubes; @, from —@ profiles. (b) Streamwise distributions
of O, the Clauser factor G and @, the pressure gradient parameter f.

variables. Figure 3 (@) documents the inner-layer similarity and shows that the wake is
a very dominant part of this flow. (No corrections for wall effects were applied to the
data. These effects are normally assumed to affect the measurements for y* < 5 and
explain the scatter in this region. Correction methods (e.g. Oka & Kostic 1972) exist
which force the data to follow the distribution U* = y* close to the wall. Since these
corrections cannot be considered to be better than curve fits they were not applied. In
the present flow the viscous sublayer is very thin compared to the boundary-layer
thickness and the main interest of the present paper lies in the outer-layer similarity,
so the scatter was not considered to be serious.) The velocity defect (figure 3 b) shows
that outer-layer similarity has also been obtained. The velocity profile similarity is also
documented in the table, since the skin friction coefficient, the shape factor and the
Clauser parameter remain constant at about 5.7 x 1074, 2.0 and 29.3 respectively in the
equilibrium region. These parameters have been shown in figure 4 which documents
that equilibrium was established for x > 4.0 m. The skin friction coefficient from the
Preston tube in this region was about 6.0 x 1074,

The Clauser parameter G plotted against # is shown in figure 5. Results from some



A turbulent equilibrium boundary layer near separation 327

50

40 s

30

20 55

10;{

0 10 20 30 40 50 60 70
B

F1GURE 5. Correlation between the Clauser factor G and the pressure gradient parameter § for
equilibrium flows. ¢, Clauser 1954; O, Bradshaw 1967; [, East & Sawyer 1979; @, present; —,
Nash 1965; ----- , Mellor & Gibson 1966.

previously reported equilibrium boundary-layer experiments have been included for
comparison. The present data are seen to follow the trend of the other data well and
agree with the relations proposed by Nash (1965) and Mellor & Gibson (1966).

3.3. Turbulent stresses

All normal stresses, pu®, pv?, pw?, as well as the shear stresses — puw and — paw were
measured. It was shown by Krogstad & Skare (1993) that by scaling the turbulent shear
stresses with the value of u, obtained from the best-fit procedure, similarity in the
turbulent stresses was not obtained to the same degree as for the mean velocity. As
commented earlier there may be some uncertainty in deriving , this way if the exact
level of the logarithmic layer is not known. Using the measured mean velocity profiles,
the corresponding shear stress distribution may be computed from the streamwise
momentum equation. Comparing this with the measured profile, another estimate for
u, may be derived. Procedures have been devised for zero pressure gradient flows
(e.g. Granville 1988; Li & Perry 1989). Here the method of Granville was extended
to include the adverse pressure gradient and the gradients of the normal stresses
(0/0x) (u*—v*). Although these stresses become more important as the pressure
gradient increases, their contribution to the computed shear stress profile was only of the
order of 3% of the peak value. As for the fit procedure, the mean velocity profile was
again described using the Musker formulation. Inserted in the momentum equation
and assuming equilibrium flow, a differential equation for the total shear stress gradient
is derived which was integrated numerically. This equation contains U,, /7, 4 and C; as
well as the gradients dU,/dx and dé/dx as parameters. These were well known from
the mean velocity measurements and were applied as measured. The equation for the
shear stress gradient is a first-order equation which only satisfies one boundary
condition, taken to be 7 = 7, at the wall. Using the measured values for U,, IT etc. there
is no guarantee that the computed distribution goes exactly to zero at the boundary-
layer edge. To satisfy this condition as well, it was found necessary to decrease dé/dx
by 3% compared to the measured value. Another estimate for C; could then be
obtained from the measured shear stresses by adjusting u, used to scale the data until
the measured profile agreed with the calculations.
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These estimates for C; are also shown in figure 4(a) and the agreement with the
Preston tubes and the profile fits is seen to be good, considering the higher uncertainties
involved in the measurements of shear stress. C, from the shear stress profiles increases
slightly downstream, while the estimates from the mean velocity profiles decrease
slightly and the Preston tube data are virtually independent of x. The slight
disagreement between the different methods is assumed to be due to experimental
scatter, but could also indicate that the boundary layer has only reached approximate
equilibrium. However, it should be pointed out that when the gradient in C, from the
shear stress profiles was included in the computations for the shear stress profile,
unacceptable results were produced. At y = § the calculated stress was still as high as
77 & 5 and could only be brought back to zero by making severe changes to the other
parameters away from their measured values. Hence the small skin friction gradient
appears to be incompatible with the mean velocity profiles and is therefore assumed to
be due to experimental scatter. Using C; from the shear stress profiles to normalize
—up, the profiles are seen to collapse well. The distribution obtained from the
calculations is also included and the measurements are seen to follow this line closely.

The turbulent stresses scaled in inner variables are presented in figure 6 and in outer
variables in figure 7. Equilibrium is seen to exist for all stresses both in the inner and
outer layer, although the scatter in pu* and pw® is somewhat high. The Reynolds
number increases by almost 50 % from the first to the last station of the equilibrium
region. As expected this is seen to produce a shift in the stress profiles towards higher
y* in the outer layer when scaled in inner variables. Owing to the strong pressure
gradient, the dominant Reynolds shear stress —pwp reaches values which are
considerably higher than the wall shear stress, 7,,. The maximum value is located
roughly midway through the layer (y/é = 0.45) as shown in figure 7(a). The peak in
the present experiment was — pub,,,,/7,, = 15.7. This level must depend on the non-
dimensional pressure gradient, since § determines the gradient of the stress profile at
the wall. (In the immediate vicinity of the wall the shear stress distribution may be
written (7/7,) = 1+(y/7,)(dp/dx) = 1+(y/8*) p.) Figure 8 shows that —pww,,,,/7,
scales linearly with g, closely following the line --puv,,,,./7,, = 1 +3B. The peak found
in the present experiment agrees well with the findings of Bradshaw (1967) and East &
Sawyer (1979).

It may be argued that since the ratio between the maximum shear stress, —up,,
and u? is very large, u, may no longer be the relevant parameter for scaling the turbulent
stresses in the outer region and that scaling with —uw,,,, would be preferable.
However, owing to the similarity of the stresses it follows that other ways of scaling,
such as w/w,,,, vs. y/é or (wv,,,,—W0)/Wb,,,, vs. y/4 will exhibit the same degree of
similarity. Therefore there seems to be no benefit in departing from the conventional
use of u_as the scaling velocity for the turbulent stresses in this case.

As discussed in §3.1 and shown by the computed shear profiles, equilibrium in the
mean flow is closely linked to similarity in the Reynolds shear stresses. Based on the
same type of arguments, similarity would therefore also be expected in the normal
stress profiles if the shear stresses show similarity. The normal stresses are shown in
figures 6(b—d) and 7(b-d) which document the stresses to be similar, both plotted in
inner and outer variables. Close to the wall w? closely follows the development of 2.
For the intermediate range 0.03 < y/d < 0.15 the growth rate of w? is somewhat slower
than for u?, before they again increase at about the same rate. It appears that in this
intermediate range the growth of ¢? is favoured to the detriment of w®. A possible
explanation for this behaviour is offered in §4.2, where skewness and flatness
distributions are discussed.
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All normal stresses and the kinetic energy reach their peak values at the same
location from the wall. By inspecting the transport equation for the turbulent stress

u;,

o 0U; __ oU; Swmuwm, 1(opw; opm
Vg, = W% ey, ey, ox, plox T ox,
1 (Qu; Ou\ p*uw; 2pu0u;0u;
. —_J __t I~ 1 I (3 s 2
+pp(axi ax,.)“Lpax, ox; p Ox,0x, @)

it is found that the dominant turbulence production terms for a two-dimensional
boundary layer are —ww dU/dy, which occur in the equation for 2, and v? 8U/dy, which
is found in the equation for —uw. These terms have been plotted in figure 9. It may be
observed that both terms exhibit two distinct peaks, one near the wall and another
further out at y/6 ~ 0.45. The exact location of the innermost peak could not be found,
since the size limitations of the X-wire prevented measurements closer to the wall than
about y* &~ 20~ 30, but it appears reasonable to assume that it will be found at about
y* ~ 12 as observed in the zero pressure gradient case (Spalart 1988). The peak near
the wall is caused by the increasing mean strain as the wall is approached so that the
production increases until —# diminishes near the wall. The outer peak, however, is
caused by the peak in the turbulent stresses and is therefore linked directly to the effect
of the strong adverse pressure gradient.

3.4. Mixing length

The mixing lengths derived from the mean velocity and —# profiles are shown in
figure 10. The slope of the mixing length near the wall, «,, is about 0.41 at the beginning
of the logarithmic layer. This is the value normally accepted for zero pressure gradient
flows. However, «, is seen to increase rapidly through the logarithmic layer to a value
of k, ~ 0.78. This indicates a very strong dependence of «; on the pressure gradient.
Further out (0.15 < y/é < 0.9) the value of //é remains roughly constant at 0.07 to
0.08, slightly below the zero pressure gradient boundary-layer value. Granville (1989)
gives a review of how the effect of pressure gradients on the mixing length is modelled
in the inner layer and proposes the model,

é = K,g(l +aPty (1 —exp (—y*(1+ 14P*)1/26)), 3)

for adverse pressure gradients. Here

__p 4P pp
pfuddx  pu, &t

This expression is readily derived from the momentum equation except for the
exponential function which represents a van Driest type damping. a was specified as
being less than 1 to produce a reduction in the effective pressure gradient due to the
mean flow inertia. This reduction was estimated by Perry, Bell & Joubert (1966) to be
approximately one-third giving a = 2, while Granville specified « = 0.9. Equation (3)
is included in figure 10(a) and is seen to predict the mixing length well up to y* ~ 250.
(The value for a specified by Granville was used since this represented the data slightly
better than the value given by Perry et al.)
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Despite the high «, derived from the shear stress profile, the von Kdrmdn constant
in the logarithmic part of the mean flow, «,, was found to be the same as in the zero
pressure gradient case. This confirms the findings of Perry et al. that ‘the pressure
gradient does not distort the logarithmic profile but simply controls its range of
application of y for a given wall shear velocity’. However, this does not comply with
the DNS results.

Glowacki & Chi (1972) investigated equilibrium flows at different values of 4. They
found that the average «, in the inner layer correlated well with f in such a way that
k, increases rapidly with B as shown in figure 11. The present results support this
dependency. For flows where £ is changing in the streamwise direction, «; is dependent
on the flow development and cannot be correlated directly to the local g. For
calculations using the mixing-length hypothesis, a rate of change equation for «, would
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therefore be necessary in order to predict —uw properly. However, since the slope of
the logarithmic layer in the mean flow follows directly from the mixing-length
formulation, it is difficult to see that a simple mixing-length hypothesis can successfully
predict these observations.

3.5. Turbulent correlation coefficients

The ratios between the different Reynolds normal stresses, shown figure 12 (a—f), show
similarity for all stations. Also included are the zero pressure gradient data of
Klebanoff (1955) at Re, =~ 8000 and the DNS results of Spalart (1988) for Re, = 1410.

The agreement between the present set of measurements for strong adverse pressure
gradients and the DNS data is about as close as between the two zero pressure gradient
sets. This shows that the mechanism for redistributing the turbulent energy between the
different normal stresses is virtually independent of the mean flow pressure gradient.
As expected v? is seen to vanish faster than »* and w? near the wall (figure 12(a and ¢))
owing to the stronger damping of fluctuations normal to the wall than in the planes
parallel to it. For the main part of the boundary layer v*/u* is roughly constant at
about 0.45 while w?/u%2 and v?/w?® are about 0.6 and 0.7, respectively. Near the
boundary layer edge, the ratios grow, | prlmarlly because v? decays at a slower rate than
u® and w? Therefore the ratio w?/u? is virtually independent of y/8. Shiloh,
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Shivaprasad & Simpson (1981) proposed that w? and v* are approximately equal in the
outer 90% of the boundary layer in flows near separation. The present experiment
verifies that the ratio does not vary dramatically, although the factor is considerably
lower than 1 (figure 12¢).

When the spanwise normal stress w? is not measured, it has often been assumed, e.g.
in order to estimate the turbulent kinetic energy, that this stress may be linked to the
other two through the relation w® = K(u* +v?), where K = 0.5 (Bradshaw 1967; Cutler
& Johnston 1989). This expression seems to overestimate w? slightly in most of the
layer. Both the DNS and the present data indicate that K =~ 0.4 should be a better
value, although figure 12(d) shows that the factor K depends strongly on y/é close to
the wall.

Figure 12(e) shows the distribution of the correlation coefficient R, = — /(%) (v?)%.
R,, reaches a constant value for 0.2 < y/é < 0.7. Although the figure indicates
that this level varies between about 0.39 and 0.46, no systematic x-dependence in the
data could be found. It is therefore assumed that the scatter in the data represents
measurement uncertainty rather than any physical effects. Hence its value may be
assumed to be about 0.42 for most of the layer, in close agreement with the value found
in boundary layers without pressure gradients. Figure 12(f) shows the structure
parameter g, = —uv/2k, normally taken as 0.15 in zero pressure gradient flows. (k =
1(u® +v® +w?) is the turbulent kinetic energy). In the present experiment it was found
to be only slightly lower.

4. Higher-order statistics
4.1. Triple correlations
Seven of the nine triple correlations which may be formed from the fluctuating

associated with the transfer and redistribution of turbulent energy in the boundary
layer. The four quantities measured by an X-wire in the (x, y)-plane, are %, u*v, v* and
uv®. The largest term is the first correlation (figure 13a) which represents the transport
of u? by turbulent motion in the streamwise direction. Its magnitude is more than 3
times that of the other triple correlations. The next three correspond to the turbulent

transport of 12 and v? in the direction normal to the wall, and the turbulent work done
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by —uw in the same direction. These have been shown in figures 13(b)-13(d),
respectlvely For the turbulent transport normal to the wall, 2% and ¢® have opposite
sign to uv?. Below the peak i in turbulence production at y/d ~ 0.45 there is a downward
transport of energy from %, v* and —uw, while further out the diffusion is directed
towards the edge of the layer. Figure 13 shows that similarity in the triple products has
also been achieved. o . o
__Turbulent transport of »* and w?® in the spanwise direction is expressed by «*w and
w?, while the transport of w? in the streamwise direction is given by uw®. These terms
were measured with an X-wire in the (x,z)-plane. The first two terms (not shown)
which should vanish in a two-dimensional boundary layer were found to be very small.
This supports further that the flow established is closely two-dimensional. The last
term, plotted in figure 13(e), is showing a very slow decay below y/d < 0.3, while it
follows the trend of the other correlations in the outer part of the boundary layer. This
behaviour is similar to the development of #° and suggests that close to the wall the
transport of w? is more efficient in the streamwise direction than normal to the wall.
The correlations between the v and w fluctuations could not be measured with the
present equipment. It may be observed that all the triple correlations show similar
dependence of y/8, crossing zero where the maximum stresses occur. The maximum
value of the triple correlations is for all variables found in the outer part of the
boundary layer at y/8 = 0.75. Another maximum, of opposite sign and with a smaller
magnitude, is found in the inner part near y/8 ~ 0.25. This is in contrast to the
observations of Nagano, Tagawa & Tsuji (1991) in adverse pressure gradient flows at
much lower Reynolds numbers (Re, < 3350), where the inner peak was found to be the
largest. However, the pressure gradient in the present case is considerably stronger
which, as shown, increases the turbulent activity in the outer part of the boundary
layer.
__The same type of estimate which was used for w? is also used to evaluate uw?, i.c.
uw?® = K(u® +uv®), where K is again assumed to be 0.5 (e.g. Bradshaw 1967; Cutler &
Johnston 1989). This seems to overestimate uw® by a factor of two compared to the
experimental data, as shown in figure 14. @other_possibility is to use the correlation
already obtained in ﬁgure 12(d) between w* and «*+1?, i.e. defining K =f,,(v/d) =
w2/ (i +17). As sh shown in figure 14 this gives an improvement close to the wall, but in
the outer part uw? is still considerably overestimated. The reason for this is that uv® and
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uw? are roughly equal, while ® is considerably larger (figure 13) and therefore
dominates the estimate. Except very close to the wall (y/d < 0.1) a better estimate
would be uw? ~ uv®.

In turbulence modelling triple correlations are frequently estimated from the
Reynolds stresses using a gradient diffusion hypothesis. Hanjalic & Launder (1972)
derived the relation

k o, u;u ou 4
uiujuk=—cg;{u1ui—6$+ukuZ a;l"+ukul a;l’}, 4)
where ¢, = 0.08. This relation is often simplified to
k AR
U, W0, =—C,—~U, U S &)
k %1 %) s € k %1 axl

which reduces the computational effort, but sacrifices the principle of Galilean
invariance. In this expression ¢, has been determined to be 0.22 (Launder 1989). For
the present boundary layer the measured triple correlations #*» and »*® have been
compared to estimates from equations (4) and (5) in figure 15. The estimated triple
correlations depend somewhat on the method used to extract the dissipation rate
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(equations (8) or (10)). Here dissipation from the isotropic turbulence assumption
(equation (8)) was used. The agreement between the computed and measured
distribution of u?v is reasonably good using equation (4) in the outer layer, but the
triple correlation is underestimated near the wall. Equation (5) is seen to represent the
data well in the inner half of the layer, but overestimates the correlation by a factor of
almost two further out. For the purpose of modelling the turbulent diffusion, it is the
gradient with respect to y rather than the actual value of the triple correlation which
is important. Hence, (4) is seen to underpredict the diffusion of u? for y/é < 0.45,
while (5) will overestimate diffusion by roughly the same factor for y/8 > 0.45. For v*
the shape of the correlation is captured reasonably well showing little difference for the
two equations, but the inner peak is underestimated. In the estimates of the triple
correlations from (5) it was found that these correlations were completely dominated
by the y-derivatives throughout the layer, i.e. the term v*3u*/0y in the equation for u*
and v* 0v%/0y in the equation for v*, respectively. The measurements show that u*» and
v® are of the same order of magnitude. Since 9v*/Jy is considerably small than 0u?/0y
for most of the layer, the v correlation will be overestimated in the outer layer as long
as the constant of proportionality, c,, is taken to be the same for both gradients.



A turbulent equilibrium boundary layer near separation 341

(@) g — —F 10

- At 4
o™ ad Y

> A“A‘ A B;ﬁ A 7
- ‘AA%A o

4 s 0 o . A.&ﬁ .A..;D 6

u s s) A
3 <t B mm#ﬂmﬁ A 5
2 O e Q: ° .14
808303,3 o °F,

1 . - — o‘ 3

s 3

0 1 10 100 1000 10*

y+
®) s 10

4 9

8

7

-1 6

-5

4

3

; ; : 2

0 0.2 0.4 0.6 0.8 1.0

/6

FiGure 17. Distribution of flatness factors for u, v and w. (Symbols as in figure 16.)
(a) Inner scaling, (b) Outer scaling.

4.2. Skewness and flatness
The skewness and flatness factors, defined as

S, =a%/(@k, F,=a'/(@®? (6)

where a is one of the velocity fluctuations u, v and w, respectively, have been shown in
figures 16 and 17 for stations x = 4.0 and 5.0 m. As the distributions are similar for all
the stations in the equilibrium region, only two stations have been shown. The
skewness of the spanwise velocity component, S,, is negligible throughout the
boundary layer as a consequence of the two-dimensionality. The measurements show
that this motion is close to Gaussian (S, = 0 and F, = 3) for most of the layer.

The skewness of the streamwise velocity component, S,, is positive from the wall to
the location of the maximum stresses. Here S, changes sign and becomes negative. This
shows that the flow is dominated by a transport of fluid away from the outer peak in
the turbulence production, although the flatness factor, F, close to 3 throughout most
of the layer (figure 17) indicates important contributions from motions in the opposite
direction. In the outer layer F, follows F, closely and S, is almost the reverse of S, both
changing sign at the locations where the peaks in the stresses are found. The turbulent
structure in the vicinity of these peaks is seen to be closely Gaussian for all normal
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stresses (S, ~ S, ~ S, ~0 and F, ~ F, ~ F, ~ 3). F, falls slightly below F, and F,,
indicating a more narrow range of the fluctuations for u than for the other turbulent
velocities.

In zero pressure gradient boundary layers and channel flows .S, is found to change
sign at y* &~ 12 where the turbulent kinetic energy production has its maximum (e.g.
Kreplin & Eckelmann 1979; Karlsson & Johansson 1988; Balint, Wallace &
Vukoslavcevic 1991). S, at this point is slightly negative, but becomes positive further
out (y* > 30). At the same position F, drops to a local minimum while F, reaches a
maximum. This suggests a highly intermittent v motion slightly biased towards strong
transport of fluid towards the wall. Although measurements could not be made
sufficiently close to the wall to accurately locate the peak in F,, the data suggest this
peak to be present at about the same y*. Neither the change in sign of S, nor the
minimum in F, at y* ~ 12 were found in the present flow. This indicates a significant
difference in the turbulent structure owing to the pressure gradient also very close to
the wall. The change in sign of S, in the present data found near y* ~ 35, from positive
near the wall to negative further out, suggests that the strong diffusion from the outer
production peak looses its dominance roughly at this location. However, the positive
S, and the high F, values indicate strong intermittent transport towards the wall well
below this point. In the zero pressure gradient layer the opposite change of sign in S,
is found at roughly the same position, from negative near the wall to positive further
out (Karlsson & Johansson 1989) in a region where S, is negative. The present data
therefore suggest that the strong pressure gradient has reversed the dominant direction
of transport close to the surface, from being away from the wall in the zero pressure
gradient case, to a situation dominated by motions towards the surface. (This has been
verified by a preliminary quadrant analysis (Skare 1994) which will be reported at a
later stage.)

5. Budgets for turbulent kinetic energy and shear stress

The transport equation for & is obtained from (2). For a two-dimensional boundary
layer where streamwise gradients are also important it may be written as follows:

ok ok U — —oU o@k) a@wk) 1e@p) u du;ou,

BT 7SS M Y % . ) BB ik S oA i 22 B e e 2 7
Ut o~ Pt % o ooy pimax, O
-~ ' oy - Ny —’ e ) -

Advection Production Diffusion pu-diffusion Dissipation

The viscous diffusion terms are neglected, as their importance is restricted to the
viscous region very near the wall. Only the gradient of the interaction between p and
the » fluctuation is included, since the other gradients of the pressure-velocity
interactions are assumed to be small. In the zero pressure gradient boundary layer,
production and dissipation are the main contributors to the turbulent budget except
near the edge of the layer (e.g. Bradshaw 1967; Spalart 1988). However, with increasing
pressure gradients the advection and diffusion terms become more important.

Most of the terms in (7), have been evaluated directly from the measured data, using
the profiles of the mean velocity, Reynolds stresses and triple products. The terms
which could not be measured are the triple correlation vw? and the pressure-velocity
interaction contribution to the diffusion.

The production of the turbulent kinetic energy is dominated by —#waU/dy. Usually
the second-order production term (v*—u®)2U/0x is not taken into account, but this
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FIGURE 18. (¢) Energy budget for the turbulent kinetic energy from data at x = 4.4 m. @, advection
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term becomes more important in flows with strong pressure gradients, since the
streamwise derivatives increase. As shown in figure 9 this term contributes up to 10 %
of the total production in the outer part of the present boundary layer and should
therefore not be neglected. The peak in (v*—u®)0U/0x is not coincident with the
maximum shear stress, but is located further out (y/d = 0.6).

The most striking difference between the present flow and the zero-pressure-gradient
case is that strong turbulence production does not only occur in the wall region.
Considerable production is also found in the outer part of the boundary layer. As
shown in figure 18 this severely affects all the terms in the turbulent energy budget.
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Transport of the kinetic energy by diffusion receives its main contribution from ovk/0y.
However, in the present experiment cuk/0x, which is normally neglected, contributes
10-15% of the total diffusion. To compute dvk/dy an estimate of the term vw? is
needed. This term may be approximated as vw? = K(u% +¢%), but as pointed out by
Anderson & Eaton (1989), this tends to overestimate this correlation. This term was
therefore also estimated using (5). However, the two estimates were found to be very
similar and for the contribution to the turbulent budget from diffusion, no noticeable
differences were found.

The diffusion process in the present experiment is split into three parts, compared to
two in the zero pressure gradient case (see e.g. Townsend 1976). Energy is lost by
diffusion in the domain 0.2 < y/d < 0.7. As for the zero-pressure-gradient flow the
diffusion brings turbulent energy towards the boundary-layer edge. However, in
contrast to the zero pressure gradient case there is also a strong gain in turbulent energy
owing to diffusion for y/é < 0.2.

The contribution from the pressure—velocity interaction to the diffusion process
could not be obtained. Experience from DNS (e.g. Spalart 1988) indicates that this
effect is of minor importance, although the effect of pressure gradients is not known.
There appears, however, to be no reason to anticipate a strong sensitivity of this term
to the mean pressure gradient.

The advection of kinetic energy owing to the transport by the mean flow is controlled
by the two terms Uodk/dk and V' 0k/0y which are of the same order of magnitude.
However, the two terms have opposite signs. As for the zero pressure gradient flow,
advection is only significant in the outer part of the boundary layer. In this region it
is primarily balanced by the energy received by diffusion.

Most of the methods used to determine the dissipation rate rely on the assumption
that the fine scale motion at high wavenumbers approaches isotropy. This leads to the
following expression for the dissipation rate (e.g. Hinze 1975; Townsend 1976),

J Ou, u, ! au)2 ,u(l u\?
=" L x 155 ) = 155 (=
¢ 0 0x;, 0, p(ax 15,0 vot)’ ®

where the Taylor hypothesis has been used to convert the spatial derivative to a
derivative in time. Equivalently the dissipation may be obtained from the one-
dimensional spectral density as

e~ 15% f k2 E, (k) dk,, 9)
0

where k, is the wavenumber, k, = 2nf/U. The major contributions to (9) are obtained
from the viscous subrange, found at the highest wave numbers. A second estimate for
¢ may be derived from the inertial subrange of the energy spectrum. In this region the
following dependency exists

Ell(kl) = Ckl_%ega (10)
where C is a constant. For boundary-layer flows Bradshaw (1967) obtained C =
0.5+ 10%, a value which has been supported by other investigators for other types of
turbulent flows (see Townsend 1976). More recently Spalart (1988) found C =~ 0.55
from the DNS boundary-layer data. However, Spalart points out that some Reynolds
number effects may be present. In the present data the inertial subrange was easily
located when plotting k§ E,,(k,) versus k,. For most of the boundary layer this function
produced a constant level in the subrange extending for more than a decade in k,. This
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relation also relies on the assumption of isotropy at high wavenumbers since it
expresses how the turbulent kinetic energy is transferred from the large-scale motion
to the scales where dissipation occurs. Since the inertial subrange is located at much
lower wavenumbers, the degree of anisotropy in this range will be more pronounced
and the estimates from (9) and (10) are therefore expected to be somewhat different.
The differences between these estimates are expected to be largest close to the wall,
owing to the strong anisotropy in this region.

Finally, the dissipation may be found as the remainder from all the other terms in
the turbulent kinetic energy equation. This estimate will also include the pressure
contribution to the diffusion, as well as any errors involved in the estimate of the other
terms in the budget. It may therefore be less accurate than the other estimates.

0k ok __oU — —0oU duk o&vk
e—Ua—I-V@—i-uv—é)—}—i-(u —v)a—i-—a?+—67. 11
It may be seen that the different methods give somewhat different results. The
estimates which rely on the isotropic turbulence assumption (equations (8) or (9)) are
found to be very similar to the results obtained by the difference (equation (11)),
although the latter estimate is consistently higher. The ratio between these two types
of estimate is nearly constant at 1.2 in the region 0.1 < y/é < 0.7. The results derived
from the inertial subrange are seen to reach a higher level than the other estimates in
the outer region, but for y/§ < 0.1 the dissipation rate is greatly underestimated.
The measurements also allowed an approximate budget for the turbulent shear stress
to be computed. From (2) the following transport equation is derived:

owr 0w —oU v O (—  p\ plou ’()v) u dudv
U—+V—=—t————— | +u" |+ | —+— |- ——. 1

E)x+ oy v dy oOx @y(uv +up)+p(ay+ax p 0x, Ox,, (12)
| S —— ——— N S U N —

Advection Production Diffusion ps-interaction Dissipation

The viscous diffusion term has again been neglected for the same reason as given for
the turbulent kinetic energy equation. The advection, production and the first two
diffusion terms could be estimated directly from the measurements. The DNS
simulations of Spalart (1988) have verified that the pressure diffusion and the shear
stress dissipation terms are small, at least at low Reynolds numbers. The dissipation
term, which vanishes for isotropic turbulence, is only effective at very high
wavenumbers. Since the degree of anisotropy at the smallest scales is expected to
decrease with increasing Reynolds number, the dissipation rate in the present flow is
expected to play an even smaller role than in the DNS boundary layer.

The pressure—strain interaction term cannot be measured. Hinze (1975) argued that
this term must be of the same order of magnitude as the production term. It must,
however, be of opposite sign, since it follows from the above discussion that this is the
only term in the equation which can limit the growth of @w. In the budget presented in
figure 18(b) the pressure diffusion, dissipation and pressure-strain interaction terms
were grouped together, assuming that the pressure—strain term was the dominant
contributor. This was obtained as the difference between the other terms in (12).

The distributions obtained for the shear stress budget resemble closely the
distributions for the kinetic energy. This was expected since the dominant production
terms in the two equations were found to be very similar (figure 9). However, the
importance of the advection and diffusion terms in the shear stress budget is
considerably reduced, implying a close balance between the production and



346 P. E. Skdre and P.-A. Krogstad

pressure—strain interaction terms throughout most of the layer. This agrees well with
the DNS budget of Spalart (1988) for the zero-pressure-gradient boundary layer.

6. Conclusions

The results from an equilibrium boundary-layer experiment in a strong adverse
pressure gradient have been reported. Equilibrium was obtained over a significant
streamwise distance where the skin friction coefficient was maintained at a low
constant level of about C; = 5.7 x 107 In the equilibrium region, which extended for
about 1.0 m, all mean velocity profiles were documented to be self-similar. It was also
shown that in this region the lengthscales grow linearly with distance in accordance
with the equilibrium requirements and that the non-dimensional pressure gradient, £,
as well as the Clauser parameter, G, were constant. Townsend (1976) pointed out that
equilibrium in the mean velocity may only be obtained if the turbulent stresses also
show similarity. In the present experiment similarity in all the turbulent stresses as well
as in the triple correlations was obtained. The gradient of the mixing length was found
to increase from «, = 0.41 at the beginning of the logarithmic layer to «x, =~ 0.78 where
the layer merges with the wake. This did not influence the mean velocity profile which
followed the law of the wall closely with the conventional von Kdarman constant of
k, = 0.41.

The logarithmic law of the wall may be derived assuming negligible momentum in
a region of constant shear stress and a linear mixing-length distribution. Within the
logarithmic layer the shear stress increased from about 1.5 to 6.5 times the shear stress
at the wall in the present case. Both the difference in « between the mean velocity and
shear stress profiles and the rapid increase in shear stress in the logarithmic layer
suggests that the logarithmic layer is much more fundamental to turbulent boundary
layers than just being a region of approximately constant shear stress.

The measurements showed that the ratios between the different turbulent stresses
remained as for zero pressure gradient flows, indicating that the distribution of kinetic
energy between the different stresses is unaffected by the pressure gradient. This was
further verified by the correlation coefficient R, which was found to be close to 0.42
and the structure parameter a, found to be close to 0.15 in the bulk part of the
boundary layer, both values in agreement with zero-pressure-gradient flows.

The turbulence production terms showed that significant production of kinetic
energy was present not only in the near-wall region, but also in the outer layer. This
production in the outer layer is due to the very high turbulent shear stresses found in
this region, the peak value being about sixteen times the wall stress. The peak level was
found to scale linearly with the pressure gradient parameter, 4. The triple correlations
showed that there is a significant diffusion of energy away from this outer peak in
production. In contrast to the zero-pressure-gradient boundary layer the present flow
produces a strong turbulent diffusion towards the wall in the inner half part of the
layer.

As a consequence of the high turbulent stresses in the outer part, high rates of
dissipation were no longer limited to the wall region. In addition to the thin region near
the wall where the dissipation rate is very high, considerable dissipation was found in
the outer layer with a second peak close to the outer maximum in the turbulent
production rate.
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