The effect of an adverse pressure gradient
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of manipulators
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This paper presents skin friction data obtained with sublayer-scale fence, razor blade, and
log-layer-sized Preston tube for both natural and manipulated boundary layers subjected
to a strong adverse pressure gradient. Comparative measurements were made, under
nominally zero pressure gradient conditions, with a floating element drag balance. The
results provide support for established calibration formulas and recently proposed corrections
for dp/dx and d2p/dx2. They also reveal that the adverse pressure gradient had remarkably
little effect on the magnitude of the C, reduction obtained by introducing an optimized
tandem plate manipulator into the outer part of the boundary layer (to the extent that
separation occurred when the manipulator was present). This finding is assessed in the
light of other recent results and earlier floating element measurements. In addition, the
skin friction distributions measured in the experiment are shown to be predicted remarkably
accurately with an algebraic stress model. However, the computational results indicate an
associated increase in the shape factor which probably limits any net benefit even prior to
the onset of separation.
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Introduction

An intensive effort by many research groups worldwide has
established that turbulent skin friction can be reduced signifi-
cantly by introducing very thin flat plate manipulators into the
outer region of turbulent boundary layers. It would also appear
that net drag reduction may be achieved with such outer layer
devices, at least at sufficiently high chord Reynolds numbers
under controlled laboratory conditions, provided these are
carefully machined, set up, and tensioned to avoid vibration.
Parametric drag measurements'~7 have indicated the optimum
configurational parameters required to achieve such reductions
and, following detailed hot-wire and flow visualization surveys,
some agreement has been reached regarding the possible mech-
anisms responsible for these.®~'2 More recently the existence,
and to an extent the magnitude, of the optimum parameters
for the preferred tandem arrangement (see Figure 1) have
related to the maximization of specific drag reduction mech-
anisms.!?''® However, such studies have provided only a partial
explanation for the difference between the magnitude of the net
reduction obtained in the most beneficial experiments (< 25%'*)
compared to those measured in other cases (<8%?2>1%16),
Attention is now being directed to practical aerodynamic
applications for which such thin plate manipulators must
necessarily be replaced by stronger, self-supporting, aerofoil
section devices. Low-speed laboratory experiments!”!# have
shown that equivalent C, reductions, and up to 7% net drag
reduction, can be achieved using tandem NACA 0009 profile
manipulators with essentially the same optimum parameters.
The results of initial flight tests'®2® have indicated that
equivalent skin friction reductions can be achieved with similarly
scaled, profiled manipulators at high Mach and Reynolds
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numbers. Some information is also available regarding other
practical considerations, such as the effect of adverse pressure
gradient,21+21-22 free stream turbulence,?? and rough?*2% or
Riblet?627 surfaces on manipulator performance. All three
effects may be important in any application to the internal
passages of aeroengines, and the first is particularly relevant to
proposed external aircraft applications. However, previous
pressure gradient studies have been restricted to weak laboratory
gradients with $<0.03'*!% or Ap<0.006 (Nguyen, private
communication), except for some uncorrected Preston tube
data at §=0.2%2! and 0.5,2° and the flight test results with
p=0.2-0.4 which were limited by experimental measurement
difficulties and to an extent contaminated by three-dimensional
effects. The present experiment was therefore intended to
provide a more accurate assessment of the effect of a severe
adverse pressure gradient on the drag-reducing performance of
a tandem manipulator optimized for nominally zero pressure
gradient conditions. In particular, the aim was to investigate
how the imposition of such additional straining downstream
of the device would influence the subsequent development of
the manipulated boundary layer.

At the same time an attempt was made to predict the response
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Figure T Manipulator geometry indicating optimum parameters

derived from low Re studies
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of the boundary layer to such disturbances using an algebraic
stress model (ASM) approximation to the turbulent transport
equations. In view of the need to assess the performance of
manipulators in boundary layers subjected to combinations of
additional disturbances, particularly at high Reynolds numbers,
there is a strong case for applying turbulence models to
manipulated flows. From a modeling standpoint such flows are
of inherent interest because they represent a step up in complexity
from the boundary layers subjected to additional straining
which were considered at the 1980-81 AFOSR-HTTM-Stanford
conference on complex turbulent flows. The ASM scheme of
Launder et al.?® performed generally at least as well as
higher-order Reynolds stress closures and considerably better
than k-¢ models on the simpler Stanford adverse pressure
gradient test cases to which it was applied. The same model
with essentially the same set of “standard” constants has
subsequently been found to perform remarkably well on a range
of confluent wake/boundary layer interactions in both zero®®
and adverse3® pressure gradients. This model was therefore
selected for initial attempts at modeling manipulated boundary
layers with this level of closure, and again good results were
achieved.!2'2! Further predictions for the adverse pressure
gradient case are presented here.

Experiment

This was conducted in a blower tunnel of 1.5x0.3m cross
section with a 3-m long working section previously used for
similar studies of wake/boundary layer interactions.3® The
boundary layer was tripped with a trip wire 0.8 m upstream of
the position where the 0.8-m span tandem manipulator was
located. The pressure gradient was imposed by altering the
porosity of the roof and introducing a gauze resistance down-
stream. In this manner, as indicated by Figure 2, it was possible
to maintain the pressure gradient close to zero in the vicinity
of the tandem manipulator: 1=1.58, s=104, h=0.755, and
t=1mm. The free stream velocity at the first measurement
station was U=13m/s, giving Re,=2700 at the leading edge
of the first plate, where the boundary layer thickness 6 = 14 mm,
and Re, =26,000.

MANIPULATOR

O WITH MANIPULATOR
¢ WITHOUT

Figure 2 Imposed pressure gradient with and without manipulator

In Figure 3 the wall static pressure perturbation due to the
device, obtained by differencing the two curves in Figure 2, is
compared with that predicted by an inviscid computation as
well as experimental measurements for similar drag single flat
plate and aerofoil manipulators.”*7-31:32 The present results
confirm the conclusion of Bandyopadhyay and Watson3! that
a gap of approximately five chords is sufficient to isolate the
individual pressure fields of the two elements of the tandem,
while the close agreement with the nominally zero pressure
gradient results indicates that the initial interaction between
the flow and the manipulator was not altered by the weak
gradient at the device location.

Downstream of the device the pressure gradient steepened
rapidly with the pressure gradient parameter f reaching a
maximum value of approximately 0.5 between the trailing edge
of the second plate and £=60. At the same time Ap reached a
maximum of 0.015-0.02 for which Patel’s analysis®*® suggests
that preliminary measurements of C, with the same logarithmic-
layer-scale (d* <60) Preston tube?! could have been in error
by more than 6%. The results presented in Figure 4 and Table 1
have therefore been corrected for the effects of dp/dx using

Notation

Chord length of aerofoil manipulators
Local skin friction coefficient

Wall static pressure coefficient

Preston tube diameter

Gap between tandem manipulator plates
Height of manipulator above wall
Height of razor blade edge above wall
Height of skin friction fence

Shape factor, 0/6*

Turbulence energy

Length of manipulator plates

Static pressure

Dynamic pressure

Chord Reynolds number of manipulator
Momentum thickness Reynolds number
Spacing (leading edge to leading edge) of tandem
manipulators

Thickness of manipulator plates
Turbulent velocity fluctuation

Friction velocity

Free stream velocity
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Coordinate in stream direction

Coordinate normal to wall boundary
Coordinate in spanwise direction

Angle of attack

Pressure gradient parameter, (6/t)(dp/dx)
Pressure gradient parameter, (v/pu?)(dp/dx)
Boundary layer thickness (to U=0.995U,)
Displacement thickness

Turbulent energy dissipation

Density

Momentum thickness

Wall shear stress

Kinematic viscosity

Distance downstream of manipulator measured in
terms of § at its leading edge

™R N X
=

*

< A PV O

Superscripts
+ Denotes wall units, x /v

Subscripts

0 Denotes value at the station in the natural boundary
layer corresponding to the leading edge of the
manipulator
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Figure 3 Wall static pressure distributions beneath single and
tandem manipulators: —— O — -, present tandem results; single plates:
—+,1=0.755, h=0.33, t=0.1 mm, Re;= 2500, Re, =17,000;* single
NACA 0009 aerofoils: ——, /=1.06, h=0.83, «=0, Re,=3300,
Re,=35,000;" , 1=1.148, h=0.885, =0, Re,=2700, Re,=
31,000, - —-, theory™
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Figure 4 Skin friction measurements for natural and manipulated
boundary layers subjected to severe adverse pressure gradient

Table 1 C, results (x 10%) for unmanipulated adverse pressure
gradient boundary layer

Preston tube Razor blade Fence
¢ (0) (C) (0) (Cy (0=C)
10 385 380 382 382 -
20 355 349 347 345 -—
30 313 305 300 298 298
40 256 243 235 233 —
50 163 150 142 139 135
60 079 072 070 067 060
70 054 048 049 049 040
80 039 038 049 049 —
90 065 068 096 096 —

O =original data; C = corrected for effect of dp/dx and/or h* variations

the relationship derived by Frei and Thomann.?* Comparative
measurements were also made with a sublayer scale fence
(hf <3.5) and a razor blade (hgg<11). The use of such
techniques to measure skin friction has been discussed by
Winter,2® who provides an otherwise unpublished calibration
for razor blades due to Gaudet. In zero pressure gradient, skin
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friction results evaluated using this relationship (which appears
to be largely independent of detailed razor blade geometry as
Gaudet has indicated in a private communication), and the
established calibration curve for fences of Rechenberg,?® were
in good agreement with those obtained from the Preston tube
by employing the calibrations of Head and Vasanta Ram (see
Ref. 35). Independent measurements with a 25-mm-diameter
floating-clement drag balance (developed at Laval University
and described in Ref. 4) resulted in C; values consistently 5%
lower (see Figure 5).

The adverse pressure gradient results are also presented in
Table 1 and Figure 4. Those obtained with the razor blade
have also been corrected for variations in h*. Residual discrep-
ancies between the three sets of data for the unmanipulated
flow may be due to the influence of d>p/dx>. In studies of similar
C, distributions Hirt and Thomann?’ have found that correc-
tions for history effects are required for d* or h*>3. The
negative error in the Preston tube measurements at ¢=80
relative to the razor blade (hjs=2 at this station) is similar
though larger than the one they found in this region of
d2p/dx? <0, while both the Preston tube and razor blade show
positive errors relative to the fence in the region where
d2?p/dx?>0. The latter effect is also evident in the results of a
spanwise survey conducted at =30 (see inset to Figure 4).
This revealed variations of less than 4% over the central 300
span of the tunnel in the absence of the manipulator. A similar
variation was found when the manipulator was present except
in the wake of the 4-mm-diameter threaded support legs and
downstream of the tips of the plates, where C, was increased
by 28% or reduced by 7%, respectively.

The skin friction results for the manipulated layer confirmed
earlier indications that even such a strong pressure gradient
has little effect on the drag-reducing performance of the device.
As a result, in the present case separation was induced. Up to
that point the absolute and integrated C, reduction was
virtually the same as that recorded for a comparable tandem
device with =194, s=106, h=0.754, t=1mm operating at
Rey,=1500 and Re;=25,000 in a nominally zero pressure
gradient, f=0 (see inset to Figure 7(a)). As a result the
maximum %C reduction was increased, in fact in the present
case reaching 100% since separation occurred, but delayed
under the influence of the adverse pressure gradient. As
indicated by Figure 6, this observation is consistent with results
for weaker gradients. Similar findings have previously led to
suggestions of larger reductions in the presence of an adverse
gradient, but the present results show that any such conclusions
based on %C, reductions are misleading.

The promotion of separation by the manipulator would
appear to limit the possibilities for attaining net drag reductions,
but this was not evident in the flight tests. Bertelrud (private
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Figure 5 Comparison of zero-pressure gradient skin friction
measurements obtained with various techniques
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Figure 6 %C, reductions recorded in zero and adverse pressure
gradient tandem manipulated boundary layers: present results,
—O—, =0, —@—, B,..=0.5, —O—, /=158, s=55, h=0.756,
t=1mm, Re,= 3500, Re,=38,000, §=0.2,>——, /=1.26, g=9.754,
h=0.634, t=0.1 mm, Re,=2950, Re,=45,000, =0 and 0.2.2

communication) has suggested the explanation may be that the
nonoptimal manipulators employed on the aircraft were
mounted closer to the (wing) surface than ideal and therefore
had their main effect well before separation was reached.
Irrespective of this, van den Berg38-3® has shown that it is the
associated increase in shape factor H, rather than the magnitude
of the attainable C, reduction, which is more important for
determining net drag performance under such conditions.

Turbulence modeling

The ASM was based on the Passable code developed at
UMIST.*® This makes use of a finite difference/finite volume
forward marching scheme to solve the parabolic thin shear
layer equations on a slightly nonorthogonal grid, which allows
for flow development.

The closure scheme is based on modeled versions of the
transport equations for the Reynolds stresses,

Duu;

tl=Tij+Pij+¢ij_%6i]£ 1)
and, by analogy, the dissipation of turbulence energy,
De e &2
—=T,+C,, |- |P,—C,[— 2
Dr (k) ) ( k) @
where T;;, P;;, and ¢;; are identified as diffusion, production,

and pressure-strain redistribution of the stresses, respectively.
Summation over indices in Equation 1 leads to a similar
expression for the transport of turbulence energy:

Dk Pt 3)
ok ¢
Dt k k

while algebraic expressions for the Reynolds stresses are obtained
by adopting the proposal of Rodi*! that convective transport
of the stresses occurs at the same rate as the transport of k, so

Duu; uwu; (Dk wu;

B B} ey v P 4
Dt Jk(Dt ")k("e) @)
and Equation 1 becomes
uu;
kj (Pk_e)=Pij+¢ij_%5ijs ()

¢;; is divided into three parts: return to isotropy ¢;;,, rapid
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pressure strain ¢,;,, and corresponding wall-reflection terms
®ijw, and ¢,;,,.. The following closure approximations are made:

Ie)
Tk=ck£|:5?‘li] (6)
dyle 0y
Te=053[53@] ™
dyle oy
£
¢ij1 =-C, E (uiuj—%‘sijk) ()
¢ij2= _CZ(Pij_%‘siij) (9)
£ . _
¢ijw. =-C; E (Eéij_%unuianj_%unujéni)f (10
¢ijw = ,2(¢in26ij —%d)niz -%qbnjzém')f (1 1)

where f=(k¥2/C,ey) is a wall damping factor and n denotes
the direction normal of the wall.

A two-layer wall treatment is employed in which the near-wall
region is split into a viscous sublayer from y=0to y=y,, in
which uv=0, and an inertial sublayer stretching from y, to the
first grid point at y,, in which uv increases linearly from an
initial value equal to the wall shear stress t. A velocity scale

\/k_,, is used in place of the friction velocity u,, and the value
of y, is set using a parameter R,, where

R,=y.k,'*v (12)

The value of T and hence the production and dissipation in the
inertial sublayer are derived by assuming the standard log law:

U/u,= 4 log(yu,/v)+B (13)

For the present computations the log law constants were
given the flat plate boundary layer values A=5.62 (=x=0.41)
and B =5.24 required for consistency with independent measure-
ments of u,. R, was set to 18, which corresponded to a viscous
sublayer thickness y, of approximately 11 wall units. The values
of the other constants were

C, =022 C, =0.173
C,=18  C,=06
C, =0.5 1 =0.3
C,=144 C, =192

These are the same as those used for wake/boundary layer
interactions2®3® and, apart from C, and C., are almost identical
to those employed by Launder et al.?® for a very wide range
of flows. C,=0.25 and values of C, ranging from 0.15 to 0.18
have been adopted by several other workers. These were tested
on the present flows, but none of the predicted quantities was
altered by more than 1% by such changes.

For the adverse pressure gradient calculations the extra
source terms due to streamwise gradients of the normal stresses
were included in both the mean flow and turbulence equations.
This involved the addition of a term

—o.(2) Y
c..,s(k) 4 =0 (14)

where C,, is a function of strain rate, to the right side of
Equation 2 in order to sensitize the dissipation to irrotational
straining.*> Such a modification requires the assumption*? that
the dissipative scales respond to the mean flow rates of strain
in a similar manner as the larger energy-containing eddies
because the two scales of motion are closely linked, and some
justification for this, at least in the case of a wake, has recently
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been provided by a pattern-recognition analysis of multiprobe
hot-wire data.**

A conditional central/upwind differencing scheme is employed
in the direction normal to the wall while the equations are
implicit in x. A typical computation, with 40 points across the
boundary layer (15 covering the manipulator wake) and 0.095
steps in the stream direction (with six in-step iterations), solving
for 16 stations up to 2006 downstream required 40 s of CPU
time on the University IBM 3083/4, which is equivalent to
0.011 s/time step.

The model was applied in a purely predictive manner by
starting the computations at the same station, 2.255 behind the
first plate of the tandem configuration, and using the same
model constants and input profiles as for earlier zero pressure
gradient calculations downstream of a single plate device.
Preliminary results?! have been corrected for flow divergence
following the procedure suggested by Agoropoulos,*® and
similar computations for the unmanipulated layer have now
been performed. The only constraint applied to the output
presented in Figure 7(a),(b) was to require a close fit to the
experimental data at the grid location nearest to the first
measurement station behind the second element of the tandem.
It can be seen that the ASM predictions are in remarkably
good agreement with the experimental data, provided C,, =
2.5 (Figure 7(a)), the figure recommended for such strong
gradients,*® rather than the value of 4.44 (Figure 7(b)) which
has been suggested for weaker straining.*? The predicted shape
factor distribution has been plotted on Figure 8 and is seen to

I T I ] J [ f ! I [ f al
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—400 LN
ZERO PRESSURE GRADIENT
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—e— : experiment
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Figure 7 Skin friction distributions predicted with the ASM scheme
using (a8) C,,=2.5 and (b) C.=4.44; compared with present
experimental results
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Figure 8 Shape factor distributions behind a range of manipulator
devices under different flow conditions: single plates: O, /=0.84,
h=0.36, t=0.12, Re,=2500, Re,=17,000;* @, /=2.2565, h=0.54,
t=1mm, Re,=3000, Re,=50,000;° tandem plates: A, /=1.14,
§=118, h=0.54, t=0.1 mm, Re,= 3200, Re,=34,400;" V¥, /=1.254,
g=95, h=0.86, t=0.05mm, Re,=1500, Re,=24,000, ¥, + free
stream turbulence;*® |, /=0.953, s=5.16, h=0.754, t=0.4mm,
Re, =2400, Re, =20,000, [, s=2.95;* tandem NACA 0009 aerofoils:
—, 1=1.25, s=58, h=0.85, Re,=7400, Re,=80,000."

be similar to those measured behind a range of devices, as well
as that calculated with the ASM, in the absence of a pressure
gradient. This finding seems to be consistent with the observation
of a similar absolute C, reduction in both cases, but points to
a further restriction on net drag performance under such
conditions since the increase in H (which mirrors the C,
reduction) in the manipulated flow is over and above the rise
in H (in this case to 2.2) due to pressure gradient alone.

Concluding remarks

The results presented here indicate that even a severe adverse
pressure gradient has remarkably little effect on the skin friction
reduction behind a tandem manipulator and that the develop-
ment of the manipulated layer can be adequately predicted by
a turbulence model employing an algebraic Reynolds stress
closure. However, two points should be noted: first, the present
study has not addressed the effect of pressure gradient on the
device itself, and, second, as pointed out by van den Berg,>®
even substantial C; reductions will not be sufficient to ensure
a net drag benefit when the increase in H is significant (indeed
to achieve this it may even be necessary to increase C, well
before separation is approached).

As part of the same overall program of research into the
possible use of manipulators in aerodynamic environments, a
parallel series of experiments has been conducted by Roach
and Brierley (see Refs. 7 and 23) at the Advanced Research
Laboratory, Rolls-Royce plc, Derby, into the effect of free
stream turbulence on manipulated flows. Together with the
studies which have been made of manipulated rough (and
Riblet) wall layers these suggest that such additional influences
also have surprisingly little effect on manipulator performance.
In each case it appears that the absolute magnitude of the C,
reduction (due to the manipulator) is approximately the same
as that obtained with the same device in an undisturbed smooth
wall layer (see Ref. 7 and Figure 9). This finding is contrary to
prior expectations’-!? that larger reductions might be possible
in the presence of free stream turbulence, due to a beneficial
blocking influence of manipulators wakes, and for the combina-
tion of Riblets and manipulators, with appropriate matching of
parameters. However, the range of parameters so far considered
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Acf ><1O~

Figure 9 Comparison of absolute C, reductions obtained in bound-
ary layers subjected to tandem manipulation in combination with
differing additional influences: present results, O, =0, @, 8,.,=0.5;
0. B=0.2, /=158, s=105, h=0.755, t=1mm, Re,=3500, Re, =
38,0002 8=0: A, /=1.18,s=114, h=0.55, t=0.1 mm, Re;=3200,
Re,=34,400;" —, /=1.258, g =96, h=0.86, t=0.05 mm, Re,= 1500,
Re,=24,000, ——, + free stream turbulence;*® —--, /=1.25, =105,
h=0.88, t=0.14mm, Re,=2900, Re,=27,000 + k-type rough-
ness;> profiled plates: ¥, /=1.08, s=108, h=0.86, t=0.256-0.05 mm,
Re,=3000, Re,=30,000 + Riblets;"*?* NACA 0009 aercfoils: V7,
1=1.28, =108, a=0, h=0.85, Re,=7400, Re,=80,000."”

for all these extra effects is rather limited, in particular the free
stream turbulence intensities (<3%) and length scales (< 1.56)
studied were small compared to those of interest in practice,
and no attempt has so far been made to reoptimize devices
under such conditions.

It is questionable whether the optimum parameters deduced
from nominally zero-pressure gradient, undisturbed low-speed
experiments are relevant to the practical application of an
aerofoil section manipulator at flight speeds, particularly as
there is already an indication?® that larger « may then be
beneficial because of the Katzmayr effect (see Ref. 1), and
Anders (private communication) has suggested that a single
element may be sufficient when its boundary layers are turbulent.
The implication is that the emphasis of future research should
be placed on parametric investigations at higher Mach and
Reynolds numbers under controlled laboratory conditions, but
such experiments are expensive, difficult to perform, and could
usefully be complemented by computer predictions particularly
for the effects of extra strain rates. The ASM model has recently
been applied successfully to the weak free stream turbulence
case studies by Roach and Brierley, and predictions for higher
intensities and larger length scales than could be achieved in the
experiments do indeed indicate a small improvement in manipu-
lator performance.*® The same parabolic code has recently been
used to predict the effects of convex streamline curvature on a
manipulated layer,*’ for which there is as yet no experimental
information. The indication is that mild curvature (6/R <0.05)
introduced behind the device would have little effect on the flow
development while stronger curvature may delay the drag
reduction.

However, to perform optimization studies of manipulator
configurations, elliptic computations starting upstream of the
devices are required. Some progress toward such parametric
predictions has already been made by Tenaud, Coustols, and
Cousteix.3? Initial k-¢ computations for the pressure field in
the vicinity of a single thin plate device were in good agreement
with their own experimental measurements plotted in Figure 3,
and they were able to reproduce the general shape of the C;
distribution beneath such devices as measured with the razor
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blade technique by the present author.!? Subsequent three- and
five-equation differential stress transport model predictions
indicated an optimum tandem plate separation in the region
s=10-125 (g=7l), close to that deduced from several experi-
mental studies (see Refs. 12 and 21), and the predicted optimum
height of h=0.66 was also in good agreement with experimental
findings. Remaining discrepancies between computations and
experiments can largely be attributed to the adoption of a
mixing length model for the device boundary layers and
near-wall region. The extension to computer optimization of
practical aerofoil manipulators will necessarily require a more
sophisticated treatment of the unsteady flow around these
devices. A patched zonal model may thus prove the best
approach, in which case the present ASM scheme could be
employed downstream of the device.
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