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PREFACE

With dimimishing world fue! supplies, and a global increase 1n fuel price over the last ten years, the reduction of arrcraft
drag has secome a technology of major importance to aircraft manufacturers. Likewise, advances n test and evaluation
techniques have facilitated the accurate evaluation of drag and led to concurrent developments in drag prediction methods.
A noteworthy development is the use of a number of novel flow control methods which, through esther passive or active
interaction with the flow physics, can lead to substantial drag reductions.

This spectal course covers some of the more recent progress 1n drag reduction, measurement and prediction. The topics
presented discuss the different sources and contnbutions to aircraft drag with particular emphasts on those areas in which
significant new developments have taken place.

The course begins with a general review of drag reduction technology. Then the possibility of reduction of skin friction
through control of laminar flow is discussed, with design aspects of laminar flow control hardware included. The other

possibility of skin friction reduction through modification of the structure of the turbulence in the boundary layer is also
discussed.

Methods for predicting and reducing the drag of external stores, of nacelles, of fuselage protuberances, and of fuselage
afterbodices are then presented.

Transonic drag rise, the prediction of viscous and wave drag by a method matching inviscid flow calculations and
boundary layer integral calculations, and the reduction of transonic drag through boundary layer control are also d:scussed
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AIRCRAFT DRAG REDUCTION TECHNOLOGY — A SUMMARY
by

Andrew S W Thomas
Advanced Flight Sciences
Lockheed-Georgra Company
Marnetta, Georgia, 30063
USA

SUMMARY

This paper presents 8 review of the current techniques of aircraft viscous drag rejuction and some of the more receot
developments that have taken place in this technology. The various sources and relative contributions of aircraft drag
are described including skin friction drag, pressure drag, interference drag and lift induced drag. In the discussion,
emphasis is given to the physical processes that lead to these drag contributioms, followed by a discussion of
methods of reducing the impact of these drsg sources. Firally same brief discussion is presented to show how
ionovative and optimized aircraft configurations can lead to drag bemefits,

1. INTROTUCTION.

Since the early seventies and the subsequent trend in world fuel prices (Figure 1), aircraft drag reduction techmology
haa become of prime importance to military and civilian operators. For example, a 10% drag reduction on a large
military transport aircraft is estimated to have the potential to save up to 13 million gallons of fuel per aircraft
over the lifetime of the aircraft. Considering also that US domestic operators spent a staggering 2.1 billion dollars
on fuel in 1976 alone, it is clear that enormous benefits are to be derived from dreg reduction technology.
Additionally, with the very high cost of aquisition of new aircraft, existing fleet lifetimes are being extended and
derivative designs are now coming on to the marketplace, Thus, retrofittable drag reduction technologies are
critically ismportant.

The aerodynsaic forces experienced ai che surface of an aircraft may be either tangential to the surface or normal to
the surface and both vill contribute to the total drag on the body. The interrelation and development of these forces
is shown in Figure 2. The only tangential force that is present is the viscous skin friction due to the developmint of
boundsry layers over the surfaces. The development of the normal forces, i.e. pressures normel to the surface, is more
complex and, as Figure 2 shows, these csan arise from a mmber of contributions. Firstly, there is the pressure field
wmodification due to the displacement thickness of the boundary layers and possible formation of regions of separat-
ion (and which, with the skin friction, constitutes the profile drag). Next, there are pressure forces that arise from
the formation of vortices in the wake and which msy further modify the flow sround the body. This is termed vortex
drag. If compressibility effects are nresemt, then there are additioual pressure forces due to the compressibility
effects and the presence of waves in the flow.

The non-zero integrated streamwise component of these pressure forces constitutes the pressure drag oun the aircraft.
Because lifting conditions are preseat, there is a strong comporent of the lift-dependent vortex drag which in
conjunction with a smaller amount of lift-dependent profile drag gives rise to the so-called induced drag.

Although the relative importance of differemt drag sources varies for each aircraft type and mission that is flown, a
Tepresentative breakdown is shown in Figure 3. The important contributors to the total drag are the following:

(1) Skin friction drag due to viscous boundary layer formatiom.

(2) Lift induced drag due to the comserved circulation developed around the wings.

(3) Pressure drag due to the open separation in the afterbody and other regions.

(4) Interference effects between serodyammic compounents.

(5) Wave drag due to compressibility effects at near-sonic flight conditious.

(6) Miscellaneous effects such as roughness effects and leakage, etc.

All these drag sources contribute to the total drsg by different relative amounts for different types of aircraft and
the breskdown in Figure 3 corresponds to the case of a large subsonic transport of the type flown by most major
airlines. The greatest contribution arises from turbulent skin friction drag, a fact that has provided the impetus for
most of the friction drag reduction work that will be described. The next most significant contribution arises from
the 1ift induced drag and this, added with the friction drag. accounts for sbout 85% of the total aircraft drag.
Interference drag, wave drag, trim dreg to balance the aircraft, and miscellanecus effects account for the remainder.
In drag reducticn studies, it might be srgued that it is more worthwhile to address only the more significant drag
contributions. However, this is not necessarily the case because very often it is easier to obtain much greater
percentage reductions in the smaller drag sources thsn in the larger contributions. For exssple a 503 reduction in
afterbody drag is feasible and might represent a 5% total drag reduction. To achieve the same totral drag reduction
through skin-friction reduction slcae may be a much more difficult task.

The purpose of this paper is to reviev and swmerize the various aircraft drag reduction tectmologies that are
currently being explored. Compressibility effects and transoric wave drag reduction will not be discussed explicitly
and instead, emphasis will be given wostly to the drag sources sssociated with viscous flows. This is becsuse viscous
flow drag reduction tuchnology is the area that has advanced wmost rapidly in recent years and which is currenmtly
receiving the greatest attention. The discussiom will therefore concentrate on skin fricticn reduction, afterbody drag
reduction, induced drag reduction and interference drag reduction. Finally, some brief discussicn will be given to
show how innovative serodynmmic configurations cam be exploited to achieve low drag characteristics.

2, SKIN FRICTION DRAG REDUCTION.

For the rednction of skin frictiom drag, either of two different philosophies may be fcllowed. The first is to
capitalize vn the low friction cheracteristics ioherent to lsminar boundary lsyers snd to delay transition co the
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wetted surfaces as much as possible. This is the approach that has been followed in the laminar flow control programs
that were undertaken in England (summarized in Ref. 1) after the second war and later in the United States at Northrup
(Ref. 2) and more recently at NASA Langley (Ref. 3). An alternative philosophy for fri.tion reduction that has
recently emerged is to accept the imevitability of turbulent flow and to attempt to modify or intaract with the
turbulent structures to reduce the friction (Ref. 4).

2,1 Laminar Flow Control (LFC).

Although laminar flow control is a generic temm, it has, by association, come to mean the maintenance of lamimar flow
through the use of wall sucticn. The suction may be in the form of distributed porosity over the surface (Refs. 5 and
6) or in the form of a series of spanwise-running slots (Refs. 5, 7 and 8). The suction is not sufficient to suppress
any existing turbulence, but serves to modify the curvature of the laminar velocity profile which in turn reduces the
amplification of any instability waves in the boundary layer that grow and lead to the formation of turbulence. As
depicted in Figure 4, local friction can be reduced to about 20% of its turbulent value and with sufficient care,
laminar flow can be maintained up to Reymolda numbers of the order of 60 million. An extemsive bibliography of the
literature describing LFC can be found in Reference 2.

The current Lockheed concept for an LFC aircraft is gshown in Figure 5 taken from Ref. 9. Control is only exercised on
the wing surfaces because of the greater difficulty of waintaining laminar flow at the high fuselage Reynolds mmbers
as eell as the problems of surface discontinuities at the windows, The suction units for this configuration sre
mour.>ed in the lower fuselage at the wing root and the propulsion engines are mounted in the tail to minimize noise
and \ibration on the wings. The real benefits of such & configuration must be evaluated against the performance ~f an
equiva'ent advanced turbulent aircraft and, as Figure 6 (from Ref, 9) shows, these benefits are greater for long stage
lengths and represent a 27% performance improvement. Whether or not this is sufficient o justify the higher
aquisition and maintensnce costs of a new fleet of such aircraft will depend largely on future fuel price
developments.

While the feasibility of LFC has been known for a long time, the system does suffer from a number of design,
manufacturing and maintainability problems as depicted in Figure 7. An essential problem with any laminar flow
condition is its susceptibility to dirt and other psrticulates, such as insect debris accumulating near the leading
edge during low altitude flight. These can trip the flow to turbulence which will then spread over a wide area of the
wing. To avoid this, close msnufacturing tolerances must be followed and some kind of in flight cleaning system (Ref.
9) or leading-edge protection must be employed (Ref. 10).

From an aerodynamic viewpoint, probably tne greatest difficulty lies in being able to confidently predict where
transition will occur, The design procedure requires that the boundary-layer characteristics, with suction, first be
accurately determined using a boundary-layer analysis of the type in Ref. l1. This is followed by a stability analysis
to determine the amrlification of the instability waves in the flow (Ref. 12).

A fundamental difficulty is that the stability analysis is based upon a set of linearized small-disturbance equations
so that the sctual amplitudes cammot be calculated, but the amplification can. Furthermore, the receptivity of the
flow to the free stream disturbances that drive the instabilities is also not well known (Ref. 13). The problem,
therefore, is analagous to predicting the output of an amplifier given its gain, but knowing nothing of its imput
signal level.

To circumvent these difficulties, empirical transition criteria must be used, such as the e criterion (Ref. 14),
vhich assimes that transition takes place once the amplification ratio (or system gain) exceeds some critical
threshold given by the value of e . The critical values of N are typicelly 11-12 for the mid~chord regions dominated
by quasi-two-dimensional Tollmien-Schlichting instability (Ref. 15), and 10-11 for the crossflow instability that
originates most severly near a swept-wing leading edge (Ref. 14).

[n order to derive the optimal efficiency of the LFC system it is best to minimize the suction quantities that are
required and this generaily requiree a careful iteration of the design procedure that has been described. Furthermore,
the way that the suction is achieved can have a bearing on the overall system efficiency both from an aserodynamic and
a structural weight penalty viewpoint. One approach is to use discrete slots as in Figure 5, or through the use of
strips of porous material as an integral part of the wing surface. The porous strips have been studied in References
16 and 17, and it has been demonstrated that discrete suction through porous strips can be as effective as suction
distributed continuously over a greater streamwise length. Both the suction approaches have been critically evaluated
in work that has been undertaken at Lockheed-Georgia (K.C. Cormelius, private communication). As Figure 8 shows, it
has been demonstrated through stability measurements that the suction slots have a greater stabilizing influence, for
a given suction flow rate, than do the porous strips. Naturally, other parameters such as skin structural integrity
aust also be considered before a final choice of surface type can be made.

2,2 Natural Lamivar Flow (NLF).

The simplest technique for maintaining laminar fiow over a suface is to capitalize on the stabilizing effect that
favorable pressure gradients have on laminar boundary layers (Ref. 18). In order to implement NLF on a wing, it is
necessary to bring the point of maximmm thicknese as far aft as possible so as to create extemsive regions of
favorable pressure gradient over the wing surface as depicted in Pigure 9. The concept can be employed without the
need for considering the attendant weight and structurai peralties associated with the LFC suction system and, from an
aerodynamic point of view, the design procedures are similar to those used in LFC (including the inherent
empiricisms) .

A mmber of low-speed aircraft are currently flying with NLF (Ref. 19), although in some cases this has been
fortuitous. Tn a high-speed application where good tiansonic crurse is nceded, additional design comsiderations arise.
For example, permissible wing oweep is limited by the onset of croseflow instability at the leading edge. Also, in
order to rise to the correct pressure at the trailing edge after a large region of favorable gradient, large adverse
gradients are necessary and these can lead to strong shocks and a wave drag penalty or the possibility of separation.
Careful design studies are needed to minimize theee detrimental effects.

B R A D e v e )

TN




2,3 Hybrid Laminar Flow Control (HLFC).

A compromise LFC system that avoids some of the problems associated with LFC and NLF is the Hybrid Lsminar Flow
Control System (HLFC) shown in Figure 10. This is a mix of the other two systems and suction is applied only at the
lea_lding edge to minimize crossflow instability, Control of the instabilities in the mid-chord region is achieved with
tailoring of the pressure gradient as with NLF, In this way a larger wing sweep can be achieved for transonic flight
than with NLF, and the weight penalties are not as great as for LFC. Also, the suction orifices at the leading edge
can double as a leading-edge-—cleanser discharge system to prevent accumulation of dirt and insects during the low-
altitude climbout.

2.4 Wall Cooling.

Another favorable physical effect that could conceivably be exploited ir a drag reduction scheme is by the use of wall
cooling (Ref. 20). As Figure 11 (adapted from Ref. 22) shows, a reduction in surface skin temperature can lead to
significant increases in the minimum critical Reynolds number. This is not because the kinematic viscosity goes up
(the reverse is true), but arises because the heat transfer modifies the viscosity distributicn across the boundary
layer which causes the mean profiles to become more full, thereby increasing their stability, This has been
substantiated by the flat plate experiments of Ref. 20 for Tollmien-Schlichting type disturbances. However, the
calculations in Ref. 21 have shown that while the same is true for crossflow-type instabilities, the effect is much
smaller as depicted by the growth curves in Figure 12,

In order to implesent such a concept, a very large heat sink is needed. One possibility would be to use liquid
hydrogen in the cryogenic state to fuel the aircraft (Refs. 22 and 23). To maintain the laminar flow, the fuel would
be circulated just below the wing surface as a preheater to the combustion process. The same effect could be achieved
if liquid methane was used.

2.5 Active Wave Suppression (Wave Cancellation).

The transition control comcepts that have been described are passive and do mot require a dynamic interaction with the
flow. A new tramsition control concept that has been suggested and tested under laboratory comditions (Refs. 24, 25,
2 and 27) is by the use of active wave suppression or wave cancellation. The idea is to detect any iow amplitude pre-
trancitional instability waves in the flow and then to introduce a control disturbance that is of equal amplitude and
180 degrees out of phase with the origioal disturbance, In principle, superposition stould then remove the primary
distucbances from the flow,

To date, the concept has only been evaluated under low speed conditions but significant. iicreases in the transition
Reynolds mumbers have been reported, An example of the streamwise amplitude history of an instability wave, with and
without the control disturbance is shown in Figure 13, and a swoke-wire visualizetion of the corresponding flow
conditions is shown in Figure 14 (from Ref. 27). These demonstrate that while an impr:ssive degree of comtrol of the
two-dimeasional disturbances is possible, some residual three-dimensional disturbances remain in the flow and that
thesc bring about transition.

The reason for this is that transition arises from complex wave interactions between a pcimary disturbance and three-
dimensiona. disturbances that have their origins with the free stream (Ref. 28). Thus, while the control disturbance
removes most of the cnergy of the primary disturbance, the now amplified three-dimensionslities still remain.
Therefore, any real implementatiou of the comcept will probably require a complex three-dimensional control system,
even for two-dimensional flow. Whethsr or not this is possible at the very high instability growth rates
charactexistic of flight Reynolds mmbers remains to be determined.

3. TURBULENT SKIN FRICTION REDUCTION.

An alternative approach to the reduction of skin friction is based not upon trying to maintain laminar flow, but
instead on attempting to modify the turbulence in some way so as to reduce friction. Possible approaches may be
passive, a8 in the case of the viblets and large eddy breakup devices etc., or sctive as in the case of the synthetic
boundary layer. These efforts are still quite new and arose largely from a series of ongoing tests that were begun at
NASA Langley during the late seventies (Ref. 4).

3.1 Riblets.

Because it is known that the near wall structure of a turbulent boundary layer is dominated by stresks of streamwise
vortices with an average spacing of z+=100, it has been argued that changing the surface geometry with micro-grooves
should spatially lock the structures which may alter the momentum transport characteristics and reduce the skin
friction. Studies have therefore been made of the friction characteristics of a boundary layer that develops over
surfaces with various geometries of small streamwise grooves carved into them (Ref. 29). As shown in Figure 15, it has
been demomstrated that local drag reductions of the order of 10% are indeed possible, despite the increase in wetted
area. The optimized groove spacing is of the order of tem wall units. Also, sharp pointed grooves tend to perform
better than grooves with rounded peaks (Ref. 29).

Becsuse the optimized groove spacing is about an order of magnitude less tham the streak spacing, it is difficult to
picture them as interacting with the streaks and experimental studies have been made to ook at the characteristics of
the turbulence that develops over the grooved surfaces (Refs, 30, 31). These studies have attempted to measure the
mean turbulent bursting frequency and conditional averages of the velocity fluctuations during the bursting process,
since this activity is a measure of the turbulence production mechsnism. One exawple, that of the mean turbulence
bursting frequency is shown in Figure 16 taken from Reference 30. Some apparent change is indicated due to the
presence of the riblets, Unfortunately, there is a fundamental difficulty in objectively defining the turbulence
activity thresholds that are used to measure when a turbulent burst is taking place. Therefore, whether or not the
changes jv Figure 16 accurately represent flow structure changes associsted with the drag reduction is difficult to

say.,
An alternative model for the drag reduction is proposed in Reference 31 and iz based upon the idea that the drag

reduction does not arise from a direct interaction with the turbulence structure, iait arises instead becsuse of the
way the viscous fluid flows over the ribbed surface. The flow ip the valley of the grooves is st low Reynolds mumber
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and is creeping in character and the local wall shear is low. Because of the mean velocity gradient, the wall shear is
higher at the top of the rib as found in the data of Ref, 30. If the geometry is right, the low shear dominates and,
even though the wetted area is increased, and a net drag reduction results. In this model, any turbulence changes are
then merely a passive attendant to the wall shear change, rather than a direct cause, This would also serve to explain
why the sharp groove tips have better drag reducing characteristice since they minimize the surface area exposed to
high shear.

The multi-colored dye visualizations shown in Figure 17, from Ref., 31, show the inhibited lateral spreading of the
flow in the grooves and its creeping nature. By themselves they do not prove the proposed model, but they are
certainly consistent with that view. More detailed experimental studies of the flow field within the grooves as well
as mmerical simulations are needed to resolve this question.

3.2 Large Eddy Breakup Devices, Manipulators (LEBY).

Another very vromising concept for the reduction of turbulent skin friction is by the use of plates or fences inserted
into the boundary layer flow, Friction reductions of the order of 207 have been recorded downstream of the devices
(Refs. 32-36) and because it has been suggested that the devices break up the large scale structures of the flow, Lhey
have been referred to as large eddy breskup devices (LEBU). The term turbulence manipulator msy be more appropriate.

The boundary~layer development downstream from a set of thin plates immersed in a flow is depicted in Figure 18 taken
from Ref. 4. The change in slope of the curve of momentum thickness development is representstive of friction changes
by virtue of the mowentum integral equation., There is a device drag penalty that must be paid before a bresk-even
point is reached, but thereafter a net drag reduction can be achieved. The best drag reduction configuration for these
devices appears to be thin airfoil shapes to wminimize the device drag, They should be of the order of the local
boundary layer thickness in streamwise extent and located at about 80Z of the boundary layer thickness from the wall.
Tandem devices also appear to perform well and the geometrical characteristics cf the devices are critically important
for good performance (Ref. 34).

At present there is some controversy over the mechanism behind the observed drag reductions. The first investigations
suggested that the devicea serve to break up the large eddies of the flow and the smoke-wire visualizations in Figure
19 (from Ref. 35) show that while large eddy structures are clearly visible in the uncontrolled flow, they are not
apparent in the controlled flow. This is perhaps surprising in view of the fact that logaritbmic behavior is still
evident in mean flow messurements of the controlled flow (Ref. 33). However, conclusions about structural features
should not be based on streakline data alone and measurements of correlations and length scales are needed to clarify
this issue.

An alternative description for the behavior of the devices has recently been proposed in Ref. 36. In that model, the
large eddies are viewed as conglomerations of swaller scale hairpin vortices and the wake eddies of the manipulator
interact with these hairpins in such a way so as to inhibit wallward motions. Thus, it is the introduction of new
structures into the flow rather than the destruction of existing ones that is important. Fimw visualication data seem
to support this interpretation and it is conmsitent with the continued existence of logarithmic behavior in the
velocity profiles. However, the examination was based on manipulators that were quite thick and which consequently had
large wakes,

An important fundamental issue with the devices is how long the drag reduction effect will persist in the downstream
direction. The indications from Ref. 34 are that the flow does indeed return to an uncontrolled state after about 150
boundary layer thicknesses downstream of the device. Whether or not further devices can be used to reimplement control
is an issue that remains to be examined.

3.3 Other Surface Geometry Effects.

In addition to the ribicts, a mmber of other surface geometry effects are recieving attention as possible friction
reduction concepts. Among tiiese are streamwise surface curvature, transverse surface waves and transverse micro-
grooves,

While concave curvature increases near wall turbulence intensities through the Gortler imstability, comvex curvature
appears to reduce intensities and skin friction (Ref. 37). The mechsnism for this is not clear and Ref. &4 suggests
that the effect is mostly due to a change of the outer eddies. An alternative and quite plausible possibility, is that
if the near wall streaks themeelves arise from a GYrtler rotational instability due to local streamline curvature as
suggested by Ref. 38, then it is possible that the convex wall curvature changes the streamline curvature to suppress
these structures. Whatever the case, it does appesr that there is a very long relaxation distance of low drag after
regions of convex curvature which can be exploited in a drag reduction scheme.

If the scale of the curvature is reduced and made periodic, transverse surface waves result. This has been suggested
as a possible drag reduction scheme since measurements over surfaces with low amplitude waves and wavelengths of the
order of the boundary layer thickness Lave shown friction reductiems (Ref.39). Unfortunately, the static pressure
distribution over the wall shifts in phase relstive to the surface wave and there is an attendant pressure drag (Refa.
40 and 41), NASA Langley experiments on non-symmetric surface waves have attempted to minimize this effect, but no net
drag reductions have yet been reported and the wall shear reductions appear to be diminished (Ref. 40) For the case of
moving (compliant) sinusoidal wavy walls beneath turbulent boundary layers the situation is not clear and is curemtly
under investigation. Numerical simulations suggest that there may be drag reductions for the case of wave speeds
approaching the free stream velocity (Refs. 42 and 43), but for passive compliant surfaces, careful experiments have
shown no net drag reductions in air (Ref. 44).

Another transverse surface geametry that is recieving attemtion is to use closely spaced transverse cavities (D &ype
roughness, Ref. 45) of small scale to reduce drag (Ref. 4). These have been referred to as micro-air besrings with an
implicaticn that small vortices recirculate in the cavities providing low shear stress to the external flow at the lip
of the cavity, As with wavy walls, there is an attendant pressure drag, and the vortex structures, if they do form at
these low Reynolds numbers, will not be stable and will periodically burst out of the cavities giving rise to pulses
in the pressures drag. This may explain why no net drag reductions have been achieved., Ref. 4 suggests that these
cavities in conjunction with some other device (LEBU’s, stresmvise vortex gemerators etc.) to minimize the eruptions
nsy be & viable approach,

~ T ——_— AT s - L ’

]

Sas




-'_;
L

3.4 The Synthetic Boundary Layer.

In a unique series of experiments, Coies snd Savas (Ref. 46) have shown that it is possible to create turbulence with
large scale structures that are epatially and temporally periodic. This was achieved using an array of turbulent spot
generators in a laminar boundary layer driven at the appropriate frequency and relative phase. This is a form of
controlled transition and has been suggested as a possible means of creating stable turbulent flows of reduced skin
friction, This is currently under examination at Lockheed-Georgia (Ref, 47) and tests at NASA Langley (Ref, 48) have
shown local friction modifications. As with the LEBU"s, a fundamental issue that remains to be resolved is whether or
not the flow will remain in the modified state ad infinitum, or whether it will ultimately relax back to some
urcontrolled state.

Although the concept is dynamic in churacter, it could conceivably be implemented by a purely passive means. This is
because periodic disturbances are not necessarily the only way to produce periodic arrays of spots. Indeed, it has
been found that an array of periodic spots will arise from a small non-moving pin placed on the wall beneath a laminar
boundary layer. Thus, an appropriately spaced (streamwise and spamwise) array of such pins could be used to produce
the desired phase and frequency of spots. Since the pins are small (<0.3 d) and in a region of low velocity laminar
flow, their device diag might also be quite low.

4, AFTERBODY DRAG REDUCTION.
4,] Separation Control as a Means of Drag Reductiom.

For the reduction of the drag associated with the separated flow of generic streamlined shapes, concepts such as the
use of vortex generators have been in use for many years. Recently, however; a number of novel flow comtrol methods
have been developed. For example, Ref. 49 describes 8 technique whereby it is possible to use a disk mounted in the
wake region of a bluff body (Fig. 21) to lock a vortex in the wake. This gives rise to some pressure recovery on the
afterbody which in turn reduces the total drag. The ssme tecbnique has also been used with considerable success to
reduce forebody drag (Ref. 50). Likewise, tests at NASA Langley have shown that transverse grooves on a tapered
afterbody can veduce drsg (Ref. 51, Figure 21,22) as can large stremwise grooves (Ref. 52, Figure 23). In each case
the vortex structure set up within the grooves changes the near wall momentum transfer to modify the separation point.
In one case the vortex structure is transverse to the flow, while ir the other a streamwise vortex system is present.
Control of sepsrated flows can also be achieved by periodic re-energizing of the near wall flov using, for example,
the embedded rotating cam devices suggested in Ref. 53,

Direct base suction has been suggested as a drag reduction scheme since it does reduce the wake region. However, as
shown in Ref. 54 high drag inevitably results due to the low pressure created st the base of the body. In any case
prodigious amounts of suction are invaribly required.

If the geometry of the body a'lows the flow in the afterbody region to be attached, then these kinds of flow control
conceprs are not necessary. Inste~d, inverse design procedures can be used to devise shapes that have a prescribed low
skin friction from which the required body shape can be determined. This approach is based upon a Stratford type (Ref.

55) flow that has low wall shear, but a penalty is paid in the higher pressure drag that can result with the thicker
boundary layers. Some optimization is therefore necessary. Ref. 56 describes the procedures and resulting shapes for
axisyometric flows and Ref. 57 describes similar calculations for 3-D wings with prescribed skin friction. More work
in the area of 3-D flows would be useful since it may be possible to define optimized shapes by minimizing the drag
producing streamwise componment of skin friction while allowing the cross-stream component to vary as needed to keep
the flow attached.

4.2 Upswept Fuselages ~ The Real Problem,

In order to meet operational requirements and take-off rotation, it is necessary that the aircraft aft fuselage have
upsweep as depicted in Figure 24, This gives rise to a flowfield that is fundamentally different from the closed
separations typical of bluff bodies and limits the applicability of some of the separation coutrol methods that have
been described. In order to implement any dreg reduction scheme, it is important that the physics of this flowfield be
correctly understood.

The important characteristics of the flw field typical ot upswept fuselages are also shown in Figure 24. It is
characterized by a 3-D bcundary layer with significant crossflow zegioms on the fuselage., This boundary layer
seperates into a pair of counter rotating-vortices trailing downstream, The flow is amalagous to the flow abou a
wmissile at high angle of attack or the flow over a delta wing, although in the present case a hard separation line
does not exist,

The total drag associated with this kind of flow can be split into two compoments. First, there is the pressure drag
that arises because of the reduced pressures on the lower surface of the fuselage. In addition, there is a
considerable loss of flow energy in the form of rotational kinetic energy of the vortex structures and this is
manifested as a vortex drag component., (This loss is analagous to the lift induced drag that can be related to the tip
vortex structures behind a wing.) Depending upon the geometry of the aircraft, the ralative contributions of each may

vary.

An important point to be made is that the other aerodynamic components can interfere with this flow and compornd, or
possibly relieve the drag problem, Wing downwash is the mcst severe contributor to this effect since it changes the
effective upsweep angle. Externally mounted gear pods, if present, can also feed vorticity to the trailing vortex
structure, Accurate drag definition therefore requires testing and optimization of complete aircraft configurations.

A survey of the wake structure behind a fuselage with large upsweep and large drag is shown in Figure 25. The wake
vortex structure is clearly in evidence. These data were recorded with 5-hole pressure probes and the corresponding
data for & low upsweep fuselage with much less drag are shown in Figure 26, The reduction in the intensity of the wake
vortex cystem is evident, These kinds of data are very useful for drag reduction studies since integration of the
crossfiow velocities enables the vortex drag to be determined and integration of the wake total pressure ensbles the
pressure drag to be found (Ref, 58). This information is therelore of much greater utility than force measuremerts
alone.
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For reducing the drag associated with this kind of flowfield, the best approach is to attempt to optimize the gecmetry
of the configuration at the design stage. Thus, high upsweep angles should be avoided. Also, slender fuselages with
little or no flatness in cross-section should be used since these minimize the area exposed to the low pressure. An
example of the importance of the geometry is shown in Figure 27 where a tail cone vas added to a blunt fuselage to
reduce its drag (Ref. 59). As can be seen a significant drag reduction is obtained, presumably through a reduction in
the size of the separation region.

In many applications it is not possible to optimize the geometry due to the need to meet structural and operational
requirements and significant amounts of vortex drag can sometimes result, One very good approach for reducing the
drag, and one which 1s finding application as a retrofit to existing aircraft, is by the use of strakes. These were
first fitted to a Short-Belfast strategic transport (Ref. 60) and are shown in Figure 28 for a Lockheed C-130 Hercules
aircraft. Essentially these are small vertical plates or fins placed beneath the fuselage and embedded ip the vortex
flow. They act to reduce the intensity of the swirl of the vortex structures and so reduce the vortex drag. To be
effective the devices must be optimized since they carry a skin friction and weight penalty. It might be added that
the sawe devices can be used to control the vortex flow over forebodies (Ref. 61).

The utility of same of the uther separation control concepts that were mentioned previously has not yet been evaluated
for these kinds of fuselages and this would appear to be an area for fruitful research. Also, modification of the
structure of the iuncoming boundary layer that separates and feeds vorticity to the vorticas is an area that warrante
examination.

5. LIFT-INDUCED DRAG REDUCTION.

Lift induced drag arises primarily because the 1lift producing circulation around the airfoil leads to a sheet of
trailing vorticity in the wake which rclls up into a pair of counterrotating vortices, This vortex structure is
concentrated at the tips and induces a downwash over the wing which reduces the effective angle of attack. Therefore,
to achieve the same 1ift, it is necessary to tip the wing back which rotates the lift vector away from the vertical
thereby producing a component of drag force (Ref. 62). A8 in the case of the afterbody flow, this drag is manifested
in the wake as rotational kinetic energy. The minimmm induced drag is achieved for an elliptical lift distribution
acroes the span which also corresponds to the case of constant wing downwash.

To reduce the induced drag, wings of large aspect ratio should be used since these enable the tip vortex structures to
be separated which reduces the strength of the average induced flow between them, However, a point that is not well
eppreciated is that for the same chord, this will also lead to a weight penalty that may offset the drag reduction. In
fact, the selection of optimal aspect ratio is intimately tied to the criteria used to define aircraft gr zetry. This
is diacussed in Ref. 9 and as Figure 29 from that reference shows, optimal wing aspect ratio for a transport aircraft
varies from 7.5 for minimum aquisition cost, to 9.8 for minimm gross weight, to 12.0 for minimm direct operating
cost, and to 15.2 for minimm fuel. At present aspect ratios as large as 15.2 are uot structurally feasible but the
importance of aspect ratio is clear,

Other techniques for the reduction of induced drag include varicus wing tip devices, tip blowing, span extension and
active controls for load relief.

5.1 Wing-Tip Devices,

Winglets.

It has long been recognized that  he addition of tip mounted surfaces to a wing can reduce and diffuse the vortex
structures arising from the tips. Induced drag reductions result, but these may be offset by unfavorable interference
and viscous effects. The winglet comcept shown in Pigure 30 is one of the most promising of these concepts and can be
thought of as a device to increase the effective span of the wing. As shown in the Figure, the winglet is a small wing
mounted in the swirling flow at the wing tip. The lift on the winglet acts as a sideforce and, with proper positioning
of the winglet, it will have & thrust compoment in the stream direction. As with the afterbody strakes, the structure
of the vortices is somewhat diffused due to the winglets., Most of the development work for these kinds of devices has
been undertaken at NASA Langley and is described in References 64 and 65.

The computed spanwise lift and drag distributions for a wing with and without winglets are stown in Figure 31 (from
Ref. 63). As can be seen , there will be an increase in wing root bending momert due to both the increased wing
loading and the winglet loading. Thic may limit the utility of winglets as retrofittable devices. A nose down pitching
moment can also occur due to the above center thrust location and this can lead to a trim drag penalty. In addition
there are attendant increases in other forms of drag such as skin friction drag and interference drag at the junction
region. Thus, while typical total drag reductions of the order of 3-6X may result, comparable performance can in some
cases be achieved by a simple tip extension (Ref. 63).

Por best performance, proper design of the winglets is clearly very important and some specific design details are
discussed in References 63, 65, 66 and 67. These may be sumarized as follows:

(1) For good supercritical performance, the winglet should be tapered and swept aft. It should be mounted behind the
region of lowest pressure of the main wing to minimize interference effects.

(2) Some outward cant is desirable and heips to minimize interferences st the junction.

(3) As Figure 32 shows (from Ref, 63), smooth fillets should be used betweeu the wing tip and the winglet or smaller
drag reduction benefits might result,

(4) From Ref. 65, some toe-out of the winglet is needed due to the inflow angles at the wing tip. This is also
desirable since it reduces the likelihood of winglet stall durixg sideslip.

(5) Although the drag reduction increases with winglet span, it is less than linear (Ref. 66). Therefore, the optimal
winglet height must be a trade—off between the improved aserodynsmics and the increased moments due to the larger
moment arms.

(6) In principle winglets can be mounted above or below the wing, but operational requirements and ground clearances
favor upper wounts. A smaller winglet below and ahead of the main winglet is desirable for preventing stall on the
nmain winglet at high lift conditions (Ref, 65).

It might also be mentioned that winglets confer other favorable characteristics, besides drag reductions, which wight
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be important. Among these are the better control of the spreading and dispersal of particulates behind agricultural
aircraft and improved hanger and ground maneuvering clearances for large aircra’t. In certain integrated aircraft
designs they can also act ss control surfaces (see, for example some of the configurations in Ref. 20).

Vortex Diffuser Vanes.

fnother concept that is similar to the winglet and which attempts to extract some of the rotational energy from the
tip vortices arc the vortex diffuser vanes devised at Lockheed-Georgia (Ref. 68). The device is shown schematically in
Pigure 33 and operates on the same principles as winglets, The advantage of these devices is that the aft mount places
them in a region of more intense vortex flow with the possibility of greater emergy recovery. Figure 34 shows the
reduction in crossflow kinetic energy that can be achieved using & two—vane version of the device. The total
integrated reduction for this test condition was 19%.

Another advantage to the rear mount of the vanes is that unfavorsble wing interference effects are minimized.
Furthermore, unlike for winglets, some inward cant appears to be desirsble for optimal serodynamic perfcrmance and as
Figure 35 from Ref. 68 shows, this can, under certain circumstances, lead to a reduction in wing-root-bending moment
rather than an increase,

Wing-Tip Sails,

A logical extension of the tip devices that have been described is the use of multiple winglets or vanes as suggested
by Spillman (Ref. 69). These are shown in Figure 36. These are referred to as sails and are mounted in a spiral array
around the wing tip. They are similar to the tip feathers of some species of soaring birds. Induced drag r.ductions of
up to 302 have been reported and for hest performance, the array should be essentially horizontal rather than vertical
and rearward mounts seem to be preferable. The angle between each successive vane should be about 15 to 20 degrees and
four vanes with spcns no more than 30% of the wing chord are recommended (Ref. 69). A larger mumber of vanes is to be
avoided, presumably due to the increased interference and viscous losses.

Wing-Tip Devices versus Wing-Tip Extensions.

A fundamental issue with the devices that have been described is whether or mot it is better to fit some kind of wing
tip device in preference to merely extending the wing tips. This question can not be answered in generality and each
configuration must be examined for its weight penalty, bending moment increases, structural integrity as well as the
likely vortex drag reductioms.

The example described in Ref. 65 has shown that winglets were to be preferred over tip extemsions but that case was
for quite short tip extensions., The example quoted in Ref. 63 indicates that in order to get 5% drag reduction with
tip extensions then a 121 increase in aspect ratio is needed. Such an increase is likely to be heavier than the use of
winglets optimized for the same drag reduction. This is because the winglets generally have a smaller chord than the
wing tip. From Ref. 68 it is shown that an imporcant correlating parameter is the lift coefficient at the tip. Thus,
wings that carry considerable outboard loading aze good candidates for wing tip devices.

Comparative analyses of wing tip extensions, winglets, vortex diffusers and tip sails are given in Ref, 63, and the
findings sxe summarized in Figure 37. The even trade lines are for an equal percentage reduction in 4rag and in
bending moment at the wing root and correspond closely to the lines of constant 1ift coefficient. The added area for
each device was kept equal in all cases. The data do not show a clear preference for winglets over tip extensions and
overall, the sails showed the best drag reduction for a given area increase. These data apply, however, only to a low
aspect ratio wing, and similar data for large aspect ratio, tapered wings may yield differing results.

5.2 Wing-Tip Blowing.

Because of the poorer performance that is obtained from devices such as winglets at ofi-design conditions, an
alternative that has been suggested is to use spanwise-blown jets of air at the tips to increase the effective span
(Ref. 70). The idea may have origirated with tip blowing as a means of vortex wake hazard alleviation where
improvements in L/D were also obseived (Ref. 71). Increases in the normal force coefficient of about 0.1 have been
reported for quite modest blowing rates. The main advantage of the concept lies in being able to vary the blowing and
to be able to select the d-sired blowing ports in order to get the best performance at any particular flight
condition, System studies are needed to determine whether or not the weight of ducting and the effect of tke bleed
from the engine are sufficient to outweigh the benefits of the concept.

An alternative form of blowing that has been suggested is described in Ref, 63 and is to blow the jets of air in the
streamwise direction so as to breskup the tip vortex structure, Measurements of the vortex structure in the wake do
show structural changes (Ref. 63), but it does appear that the benefits of the concept level off at higher blowing
rater and a tradeoff must be made between blowing energy requirements and the drag reduction.

A logical development of this coacept is to mount engines at the wing tips and to use the fan exhaust to break up the
tip vortex structure. Whitcomb ("ef. 65) has reported induced drag reductions of the order of one-third with such a
configuration on a wing that has significant outboard loading. A 1large part of this arises from the end-plate effect
of the nacelle itself and would be less for a tapered wing. Also, there would be flutter and other structural problems
associated with such an installation.

5.3 Active Controls for Load Alleviation

Iustallation of any wing-tip device, including direct wing-tip extensions, leads to the possibility of undesirable
increases in the wing-root-bendinc moments. Indeed, this essentially limits the amcunt of tip extension that can be
fitted to an aircraft to reduce its induced drag. Onme possible way to avoid this is to use controlled aileron
deflections to off-load the outer wing panels during cercain critical phases of the flight when large bending moments
are vresent, To do this requires a sophisticated active control system and three possible applications can be
considered (Ref. 72):

(1) Use of symmetric aileron deflections to reduce wing loads during maneuver,
(2) Use of aileron deflections to reduce the wing elastic respose to gust loads, and,
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(3) Use of the horizontal stabilizer to reduce the overall airplane response to gusts.

C?ncepta such as these enable the peak wing i0adings to be reduced which enable tip exteneions to be added to an
aircraft fgr the same cruise loadings. Alternatively, they enable the wexght of the wing structure to be reduced so
that the lift (and hence the drag) way be reduced.

The active contro! concept is currently finding application on the Lockheed L-1011 and has enabled 4.5 foot wing-tip
extensions to be added to the aircraft (Figure 38) with no change t¢ the fundmmental wing structure. Appropriately
d)..stributed accelerometers are used to provide the required inputs to the control systems which in turn drive the
a.xlem? servos, The consequent reduction in the induced drag represerts about a 3% increase ia fuel efficiemcy for the
aircraft.

6. INTERFERENCE DRAG REDUCTION.

Detrimental interference effects usually arise when aerodynamic cumponents sare mated tcgether to complete a
configuration such that the configuration drag is wmay be greater than the sum of the drag of the individual
components. Very often however, it is possible to capitalize on interference effects to get favorable dra:, benefits. A
vory simple example of a favorable interference is given in Ref. 73 where it is shown that the drag of two disks in
tandem is less than that for a single disk. For aircraft, the important drag producing interferences are the regione
of juncture flow at the wing-root, empermage and pylon junctions etc., and the interferences between the engine
mounting and the wing flows.

6.1 Juncture Flow Irterferences.

The juncture regions of the various serodynsmic components of an aircraft all lead to a drag penalty and various
examples are cited in Kefs, 73 through 79. This juncture drag is due to the occurrence of an unfavorable modification
ot the loca) pressure field and the additional rapid straining of the vorticity of the incoming boundary layer that
ustally leads to the formation of vortices in the juncture regions. The flowfield in an unfilleted juncture regiom is
shown i1 Figure 39 and has long been known to be cheracterized by the formation of a horseshoe vortex structure ahead
of the junction, Careful filleting can reduce these effects, and Ref. 73 gives an exampie of reducing the drag at the
juncture of two struts by more than an order of magnitude with careful fairing. Bven with fairings, however, a vortex
structure may still ultimately form in the downstream corner regioms with its attendant energy loss.

The importance of the geometry to these kinds of flows is also shown by the exsmples in Figure 40 (from Ref. 59) that
correspond to a wing rcot and an externally mounted gear pod. It is evident that significant drag reductions can be
obtained from careful design. At present, the optimized design of these kinds of junciure regions must relr heavily on
the use of wind tumnel evaluations and empirical engineering methods. This is because computational methods are rot
yet sufficiently advanced to correctly account for the couplex three-dimensional viscous and tranwonic effects that
are present. Indeed, in many cases only a 3-D Navier-Stokes simulation will provide sufficient accuracy to enable
favorable designs to be developed theoretically.

6.2 Engine Installation Effects,

Interferences between the engine/nacelle flow and the wing flow can represent a major souce of interference drag and
some specific examples are given in Refs. 80-83. Part of this drag is due to juncture of the pylom, but a large
contribution also arises from the presence of the pressure f{ield of the nacelle and the suction and exhmust flows.
This is especially true for some of the large fan engines that are now being used (Refs. 84, 85). As a consequence,
the positioning of the engine installation can lead to either favorable or unfavorable influences and each
installation configuration may have its own merits. For example, Ref. 65 givec two examples where optimizing the
engine installation can reduce drag. In ome case, that of an underwing mount, careful positioning of the pylon
inhjbits the spanwise flow induced by the tip vortex system and reduces the induced drag. In the other case, thet of &
forward-overving mount, the entrained flow of thc exhsust accelerates the upper surface air to emhance the lift. As
Figure 41 from that reference shows, induced drag reductions can be obtained through the reduced loadings on the other
regious of the wing. Some recent work has also shour that, an aft-slung-underwing mount (Ref, 86) might be a
particularly pcomising concept because the engine is in a region of lower velocity and has less unfavorable
interference with the lift producing flow over the wing than does a forward lower mount.

The work in Refs. 87 and 88 has shown, however, that for conventional configurations, the geometry of the
installation, the capture ratio and the exhaust velocity all have a bearing on the problem. Subtle varistions in these
parameters can lead to either beneficial or detrimental effects. Computational methods are currently being developed
by industry and govermment agencies (Refs. 87 and 88) which will enable more optimized engine justallations to be
developed and some of the recent developments in the area of propulsion system dcsign and installation can be found in
Ref, 89.

7. INNOVATIVE AIRCRAFT CONFIGURATIONS.

Because drag reduction techniques are providing drag decreases in smaller and smaller increments, an additional area
that varrants some mention is the use of innuvative aerodynamic configurations (as cpposed to zerodynamic concepts) to
reduce the drag penalty and fusl consumption associated with tramsporting a given smount of load over & given flight
mission, This is not a viscous flow drag reduction problem per se, but novel configurations do have the possibility of
reducing fuel consumed per tonnsge of load carried.

A mumber of these concepts are shown in Figures 42 through 44, and each is designed with scme specific serodynamic or
structural advantage in mind. Thus, the spanlozder in Figure 42 (from Ref, 9) is designed to nave large aspect ratio
and reduced fraction of afterbody drag. The coutrol surface at the wing tips provide an added advantage as vinglets.
Unfortunately, the cperetion of such a configuration will require much larger runways and taxi areas than currently
available and the high aquisition cost of the system would limit its application under current airline economics.

An altzrnative method for achieving Ligh span that is receiving considerable interest at the present is to use tandem
fuselages as shovn in Figure 43 (from Ref. 9). The advantage of this configuration is that because the load is
concentrated at two points rather thgn one, then it is possible to significantly reduce the wing-root beinling moment
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and consequently the structural weight of the wing box over tkat of an equivalient large single-body a.rcraft. The
studies in Ref. 9 suggest that this may be as great as a 7% reduction,

The configuration shown in Figure 44 (from Ref. 90), is iess extreme and utilizes over-the-wing engines to enhance the
wing circulation. The engines sre mounted on cansrds to avoid pylon/wing interferences and because the canards can
also act as an ausiliary control surfsces, the empennage size can be reduced.

Use of full canard control surfaces, rather than tail mounted surfaces is also desiraple from a dtag.point of view,
because, for static stebility and bslance, conventional configuratisns Tequire a download on the horizontal congrol
surface at the taii. This must b balanced by higher wing 1lift »md sn attendant drag- For the cenard confxgn_‘an?n,
the camard control surface produces an uploed, but the aircraft will be inherently dynamically unstab!.e. Application
of an active control system to provide stability will eliminate this problem and the indvced dfag will be lessened
than thac for the aft-control surface configuratien. The problem is that control systam failure may lead to an
unflightworthy condition, (The original Wright Flyer flew in this mode, but the instebility responses were sc slow
that the pilot could correct fox them.)

Use of active controls on conventional configurations has already been mentioned in the context of loat'l relief, l?ut
there is an additional benefit to be derived with relaxed static stability (RSS). If approrriate dynamic end active

control surface deflections are available, it is possible to allow the center of gravity to be moved further aft and
relax the stability of the aircraft. Smaller control surface sizes are then semissible and the skin~ {riction drag

can be reduced. Figure 45 (from Ref, 70) shows that for the L-10J1 aircraft, the benefits that can be derived by
utilizing relaxed static stability amount to a 40% reducti.u jn the size of the hi izontal stabilizer.
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BOUNDARY-LAYER TRANSITION: T-S WAVES AND CROSSFLOW MECHANISMS

by
William S. Saric

Mechanical and Aerospuace Englneering
Arizona State Un:vercity
Tempe, AZ 85237

SUMMARY

The basic instability mechanisms are discussed from an elementary standpoint
considering only boundary layers 1n external flows. The current state-of-the-art of
boundary-layer transition prediction 1s reviewed and by using recent results, 1t 1s shown
that a number of unique transition mechanisms exist and each can play a different role in
the breakdown to turbulence. The control of the stability and transition characteristics
of a particular flow field requires thoroughly understanding the details of these
breakdown mechanisms.

NOMENCLATURE

» disturbance amplitude
amplitude at R=R,, usually Branch I

o

= a /R = v/U A, : dimensionless chordwise wavenumber

= B /R = »/U,\, : dimensionless spanwise wavenumber
» » pressure coefficient

= d/dy

= w/R = 2#vf/U 2 : dimensionless frequency

dimensional frequency [hz]
8%/8 + shape factor
V-]
k., * 1k, : complex wavenumber vector, (k = a for 2-D)
(e, 4#,) wavenumber vector
(a;4,8,) growth-rate vector
length scale
In(A/A;) : amplificatien factor
bssic-state pressure normalized by pU,2
disturbance-state pressure
basic-state dependent variuble
disturbance-state dependent variable (i.e. u’,v’,w’,or p')
VR, = U,8,./v : boundary-layer Reynolds number
Branch I and IT neutrally stable Reynolds numbers
initial boundary-layer Reynolds number, usually Branch I
U,x*/v : x-Reynolds number or chord Reynolds number
W aax%10/¥ * crossflow Reynolds number
temperature [°K]
busi1c-state chordwise velocity normalized by U,
freestream velocity, [m/s], (normalizing velocity)
component parallel to inviscid flow over swept wing [m/s]
inviscid flow velocity over swept wing [m/s]
» disturbance velocity field normalized by U,
: rms of u’
+ basic-state, normal-to-the-wall velocity normalized by U,
o : blowing or suction velocity at the wall [m/s]
« basirc-state spanwise velocity normalized by U,
v » crossflow velocity, {m/s}, (perpendicular to U,)
Wemax : maximum of crossflow velocity [m/s])
Hy ¥y 2 : chordwise, normal-to-the-wall, and spanwise coordinates normalized by §,
x*,y*,2z* « dimensional coordinates (m]
Xy 92y : coordinates tangent to and perpendicular to the inviscid velocity vector
Yaax * location of maximum crossflow velocity
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a, + ia;: chordwise complex wavenumber normalized by &,

2m8, /2,

#, + ip,: spanwise complex wavenumber normalized by &

2we /N,

boundary-layer thickness, [m], at U/U, = 0.99

Vvx¥70, : boundary-layer reference length, [m]), (normalizing length)
displacement thickness [m]

largest thickness where W /W, .. = 10X [w]

y*/%, = y ¢ boundary-layer coordinate

= [(adx + pdz - wdt) : phase fupction
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Rafini dand

~ momentum thickness [m]
chordwise wavelength [a]
« spunwise wavelength [m]
. dynamic viscosity [ns/m2}
: kinematic viscosity [m2/s]
density [kg/m?]
~ disturbance streamfunction amplitude, ¢ = ¢(y)
: disturbance streamfunction, ¢’ = ¢'(x,y.z,t)
= 2#f5_ /U ~ dimensionless circular frequency
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1. INTROBUCTION

This lecture on boundary-layer stability and transition comes at *he beginning of
the course on Aircraft Drag Prediction and Reduction and serves as a tutorial on the
basic concepts of stability and transition. During March 26-30, 1984, an AGARD-VKI
Special Course on Stability and Transition of Laminar Flow was held at VKI (AGARD Report
No. 709). During that course, the written 1lectures by Arnal (1984), Mack (1984b),
Reshotko {1984a,b), Poll (1984b), and Herbert (1984b,c) covered vast amounts of detail.
Therefore it wiil not be necessary to present here a detailed research document with
complete references but rather it 1s possible to rely on this considerable collection of
information. Before presenting a detarled review of these proceedings, some basic ideas
will be discussed.

In fluids, turbulent motion is usually observed rather than laminar motion because
the Reynolds number range of laminar motion is generally limited. The transition from
laminar to turbulent flow occurs because of an incipient instability of the basic flow
field. This instability intimately depends on subtle, and sometimes obscure, details of
the flow. The process of transition for boundary layers in external flows can be
qualitatively described using the following (albe:t, oversimplified) scenario.

Disturbances i1n the frecstream, such as sound or vorticity, enter the boundary layer
as steady and/or unsteady fluciuations of the basic state. This part of the process 1s
called receptivity (Morkovin, 1969) and although 1t is st1ll not well understood, it
provides the vital i1nitial conditions of amplitude, frequency, and phase for the
breakdown of laminar flow. Initially these disturbances may be too small to measure and
they are observed only after the onset of an instabislity. The type of instability that
occurs depends on Reynolds number, wall curvature, swcep, roughness, and 1nitial
conditions. The initial growth of these disturbances is described by Jinear stability
theory. This growth 1s weak, occurs over a viscous length scale, and can be modulated by
pressure gradients, mass flow, temperature gradiants, etc. As the amplitude grows,
three-dimensional and nonlinear 1interactions occur in the form of seconduary
instabilitaies. Disturbance growth is very rapid in thi1s case (now over a convective
length scale) and breakdown to turbulence occurs.

Since the linear stability behavior can be calculated, transition prediction schemes
are usually based on linear theory. However, since the wnitial conditions (receptaivity)
are not generally known, only co relations are possible and, most importantly, these
correlations must be between two systems with similar environmental conditions.

At times, the initial instability can be so strong that the growth of linear
disturbances 1s by-passed (Morkovin, 1969) and turbulent spots or secondary instabilities
occur and the flow quickly becomes turbulert. This phenomenon is not well understood but
has been ducumented in cases of roughness and high freestream turbulence. In this case,
transition prediction schemes based on linear theory fail completely.

The literature review follows the outline of the process described above and begins
with Reshotko ('984a) on receptivity (1.e. the means by which freestream disturbances
enter the boundsry layer). In this paper, Reshotko summarizes the recent work in this
area and points out the difficulties in understanding the prollen. Indeed, the
receptivity question and the knowledge of the initial conditions are the key issues
regarding a transition prediction schewme.

Mack (1984b) is actually a monograph on boundary-layer stab:lity theory and should
b2 considered required reading for those interested i1n all aspects of the subject. It
covers 58 puges of text with 170 references. In particular, hic report updates the three-
dimensional (3-D) material 1n Mack (1969), covering 1in large part Mack’s own
contributions to the area. This 1lecture will rely on Mack(1984b) to some extent saince
all of the basic details for deriving, analyzing, and solving the stability equations for
2-D flows, compressible flows, and 3-D flows are given. The discussion on suction
stabilization for laminar flow control is limited, but this is covered in some detail in
the next lecture (Saric, 1985).

The two papers of Herbert (1384b,c) cover the problems of secondary instabilities
and nonlinearities i.e. those aspects of the breakdown process that follow the growth of
lincar disturbances. Two-dimensional wuves do not completely represent the brcakdown
process since the transition process is agalways three-dimensional 1n bounded shear flows.
Herbert describes the recent efforts in extending the stability analysis into regions of
wave interactions that produce higher harmonics, three-dimensionality, subharmonics, and
large growth rates--all harbingers of transition to turbulence. More is said about this
in section 5.
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The paper by Arnal (1984) 1s atextensive description anc review of transition
prediction for two-dimensional flows that covers 34 pages of text and over 100 citations.
A descripcion of different mechanisms that cause transition such as Tollmien-Schlichting
(T-8) waves, Gortler vortices, and turbulent spots is given. The effects that modulate

the transition behavior are presented. These 1nclude the influence of freestream
turbulence, sound, roughness, pressure gradient, suction, and unsteadiness. A good deal
of the data comes from the work of the group at ONERA/CERT part of which has only been
available 1n report form. The different transition criteria that have been developed

over the years are described in Chapter I1I. This paper is of interest to the aircraft
systems designer from the standpoint of giving an overall historical perspective of
transition phenomena and their anfractuous nature.

Poll (1984b) extends the description of the transition territory to 3-D flows. When
the basic state 1s three-dimensional, not only are 3-D disturbances important, but
different types of instabilities can occur. Poll concentrates on the problems of
leading-edge contamination and crossflow vortices, both of which are of interest to the
designer. The history of these problems as well as the recent work on transition
prediction and control schemes are discussed. Addrtionai discussion of 3-D flows is
presented 1n section 4.

Reshotko (1984b) reviews the application of stability and transition information to
problems of drag reduction and in particular, laminar flow control. He discusses some of
the laminar flow control issues which are not covered in the next lecture (Saric, 1985).
A portion of his work is also devoted to the issues of viscous simulation. Reshotko
(1985) also addresses problems of transition control that are of interest here.

The objective of this report is to provide the basic i1deas and results of stability
and ti1snsition research in order that the reader can understand laminar flow control for
aircraft systa2ms. The above referenced reports by Reshotko, Mack, Herbert, Arnal, and
Poll are relied on to provide the details of the research in this area.

2. LINEAR STABILITY EQUATIONS
In this section, the stability analysis of c(hree-dimensional disturbances in an

incompressible parallel boundary-layer flow, without curvature, 1s presented. The basic
state velocity vector, V = (U,V,W), 1s defined by the following one-dimensional flow:

Us=1U(y) ,V=0,HW=HW(yy) (1)
where U 1s the chorawise velocity component, W 1s the spanwise velocity component, and y

18 the coordinate normal to the wall.

It is, of course, an 1ncongruity Lo speak of a parallel boundary-layer flow since no

such thing can exist except under very special circumstances. However, the parallel-flow
assumption is an 1mportant first approximation to the actual two-dimensional basic-state
problem because the Reynolds number 1s very large. It is beyond the scope of this

lecture to discuss non-parallel stability effects so the reader 1s referred to Mack
{1984b) for a summary. Likewise, the role »f compressibility in subsonic flows is minor
and all of the essenti1al physical ideas are represented in the flow of Eq.(1).

The stability equations are obtained by superposing small disturbances on the basic
state i1n the following way:

ut/U, = U + u'(x,y,2z,t)

vt/U, = v (x,¥,z,t)

(2)
H‘/Uo = W+ wi(x,y,2,t)

p*/pU,2 = P + p'(x,y,2,t)

where u*t, v*, w*, and p* satisfy the complete dimensional Navier-Stokes equations, (’)
denotes dimensionless disturbance quantities, and capital letters denote dimensionless
basi1c-state quantities. Equation (2) is substituted into the Navier-Stokes equations
which are made disensionless by introducing the length scale L. The basic-state velocity
components also satisfy the usual Navier-Stokes equations so that basic-state solution
drops out. Thus, equations in terms of the disturbance velocities result which are
simplified by making the additional approximation that products of disturbance quantities
are neglected. This results in the following set of linear disturbance equations:

au’ av’ ow’

X * y + 3z 0 3

au’ du’ du’ »dU o’ _ 1 .., .

T + U_ax + "_az + v Iy + e 7 v2u’ = 0 (4)
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%%— + U%%— + w%%- + %%— - % vzv' = 0 (5)
* ’ ’
where the Reynolds number 1s given by R = U,L/v for the time being. The question of

stability is one of whether the solution set of Eqs.(3)-(6) contain disturbances that
grow or decay 1in space {or time).

The disturbance equations are 1linear and the coefficients are only functions of y-.
This suggests a solution in terms of separation of variables using normal modes (1i.e.
exponential solutions in terms of the 1independent variables x,z,t) that would reduce
Bqs.(3,-(6) to ordinary differential equations. One possible normal mode 18 the single
wave:

9’ (x,y,z,t) = q(y) exp[i(ax+pz-wt)] + C.C. n

where C.C. stands for complex conjugate, q’ represents any of the disturbance quantities

of Eq. (2), « 1s the chordwise wavenumber, g is the spanwise wavenumber, and w is the
frequency. Here, « and # are in general complex and given by a = o, + 1a, and g = g +
ip, and w 1s real. The amplitude function q(y) is complex and Q' is real.

The parallel-flow assumption 1s essentially a 1local one 1in that, at each chord
location, U and W are re-evaluated and L 1s chosen to be the boundary-layer reference
length L = 6, = V»x¥/U,. In this case, «, #, and R depend on the chordwise position, x*.
Therefore, the use of Eq.(7) is not rigorously correct and the phagse function, €, must be
introduced to define the normal mode as:

Q' (x,y,2z,t) = q(y) exp(i@) + C.C. (8)
wherc

g_g =@ (9)

e _

z-F (10)

g—i =Tw (11)

This step can be rigorously justified using a non-parallel analysis (e.g. Gaster, 1974;
Saric and Nayfeh, 1977). Substitution of Eq.(B) into Eqs.(3)-(6) gives

1au + 1w + Dv = 0 (12)
i(al + W - wu + (DU)v + 1ap ~ & (D2 - kZ)u = 0 (13)
1(all + pW - w)v + Dp - & (D - k2)v = 0 (14)
1(all 4 BW - w)w + (DW)v + 1pp ~ £ (D2 ~ k2)w = 0 (15)

where D = d/dy and k2 = a2 + g2,
Although Eqs.(12)-(15) 1look like a 6th-order system of equations, they can be
combined into a single 4th-order equation called the Orr-Sowmerfeld equation.

D4v - 2k2D2v + kiv ~ iR{(alU + AW - w)(D2v - k2v) ~ «(D2U)v - g(D2w)v] = 0 (16)

When the definitaion, kU = alU+pW is used, Eq.(16) inmediately resembler the 2-D form of
the Orr-Sommerfeld equation as

(D2 - k2)2v - ikR[(ﬁ - w/k)(D2 - k2)v - (D20)v] = 0 (17)
with boundary condations

v{0) = Dv(0) = 0, v(ys») -0 (18)
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Thus, all of the 3-D stability characteristics for the class of flows defined by Eq. (1),
can be found by solving Eq.(17). This 1s the subject of the next two sections. The
extension of Eq.(17) to the case of nonparallel flows 1s formally done by Nayfeh (1980)

3. T-S WAVES

For tutorial purposes, the disturbance state 1s restricted to two dimensions with W
0, p= 0, and k = a = o + 1a,. The 2-D instability to be considered 1s a viscous
instability in  that the boundary-layer velocity profile 1s stable 1n the 1nviscad 1umt
and thus, an 1ncrease 1in viscosity (a decrease .n Reynolds number) causes the instability

to occur. All  of this 1s contained within the framework of FEqs.(17)-(18). This
mechanism 1s 1nappropriately called the Tollwmien-Schlichting i1nstability after two of 1ts
very early 1investaigators. The historical development of this work 1s given 1n Mack
(1984b).

Equations (17)-(18) are linear and homogeneous and form an eigenvaluc problem which
consists of determining a« (=k) as & function of frequency, w, Reynolds number, R, and the

basic state, U(y). The Reynolds number 1s usually defined as

R =U,6,/v = VR, (19)
and 1s used to represent distance along the surface. 1In general, & = va‘7U° is the
most straightforward reference length to use because of the simple form of Eq.(19) and
because the Blasius variable, »n, i1n 2fygy + ffyy = 0 1s the same as y 1n the Orr-
Sommerfeld equation. The reader will still find the archaic use cf 6* and & as reference
lengths so care must taken 1n compuring data; 1n using these 1lengths, additional

constants must be carried around.

When comparing the solutions of Eq.(17) with experiments, the dimensionless
frequency, F, 1s 1ontroduced as

F - w/R = 2¢fs/U 2 (20)
where f 1s the frequency in Hertz.

Usually, an experiment designed to observe T-S waves and to verify the 2-D theory 1s
conducted i1n a low~turbulence wind tunnel (u’/U, %= 0.02% to 0.06%) on a flat plate with

zero pressure gradient (determined from H = &*/8 = 2.59 and not from pressure
measurements) where the virtual-leading-edge effect is taken into account by carefully
controlled boundary-layer measurements. Disturbances are 1introduced by means of a 2-D

vibrating ribbon using single-frequency, multiple-frequency, step-function, or random
inputs (Costis and Saric, 1982) taking 1nto account finite-span effects (Mack, 1984a).
Hot wires measure the U + u' component of velocity in the boundary layer and d-c¢ couplaing
separates the mean from the fluctuating part. In comparing with the theory. v 1n Eq.(17)
1s proportional to the disturbance streamfunction so that u’ 1s proportional to 3v/dy.
The frequency, F, for single-frequency waves remains a constant.

Figure 1} shows the data of the mean flow and disturbance fluow measurements from a
routine single~-frequency experiment conducted by the author at VPI & SU. These data are
compared with the Blasius solution and a solution of the Orr-Sommerfeld equation (17) as
shown with the solid lanes. In comparing the disturbance measurements (of rms u’) and
theory (of lav/ay]) both profiles are normalized by their respective maximum values.
The agreemen between theory and experiment 1s quite good and 1llustrates that the 2-D
problem 1s well understood. The fact that the wave amplitude 1s 1.5%U; while sta1ll
remaining linear and 2-D is discussed in section 5. The disturbance signature of figure
1 1s @& recognizable characteristic of T-S waves. The sharp zero and second maximum of

u'] occur because of a 180° phase shift in the region of the critical layer. This shape
1s quite unlike a turbulence distribution or even a 3-D, T-S§ wave.

When the measurements of figure 1 are repeated along a series of chordwise stations,
the maximum amplitude varies as shown 1n the schematic of figure 2. At constant
frequency, the disturbance amplitude initially decays until the Reynolds number at whach
the flow first becomes wunstable 18 reached. This point is called the Branch I neutral
stability point and is given by R,. The amplitude grows exponentially until the Branch
IT neutral stability point is reached which is given by R,;. The locus of R, and R,
points as a function of frequency gives the neutral stability curve shown 1n figure 3.
For R > 600 the theory and experiment agree very well for Blasius flow. For R ¢ 600 the
agreement 1s not as good because the theory is influenced b* nonparallel effects and the
experiment 13 1nfluenced by 1low growth rates and nearness to the disturbance source.
Virtually all problems of practical interest have R > 1000 in which case the parallel
theory seems quite adequate (Saric and Nayfeh, 1977).

In order to compare the stability behavior of figure 2 with theory, Eq.(B) 1s
interpreted locally to have the form of Eq.(7) and 1s rewritten in the following form:

P, - — - [
o ——ar A

e,
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v'(x,y,t) = v(y){exp(-a,x)jexp{1(a x-wt)] (z1)

which shows -a, as the spatial growth rate. Depending on the sign of this tcerm, the flow
1s said to be stable or unstable, 1.¢. 1f o, > 0, the disturbances grow exponentially 1a
the streamwise direction and the neutral points are determined by finding {he R at which
a, = 0. From the eirgenvalues of Eq.{17), figure 3 1s a« (R,F) = 0. Recall that Eq.(7) 1s
said to only hold locally (within the quasi-parallel flow approximation) since a -
a(R,F). 1In this case, Fqs.(9) (11) are 1ntegrated along the surface to give:

X
0(x,t) - 8(x,,t) = | adx - wt (22)

Xo

Since x and R are related through Lq.(19), Eq.(22) can be written as

R P 9
O(R,t) - O(R,,t) = 2[ odR - wt (23)
R

0

where R, 1s the starting point of the integration. Equation (23) is used 1n Eq.(8) 1n
order to see how much the disturbance has changed from R, to R. The real part of © in
Eq.(23) is just the phase and does not contribute to amplitude growith. Thus the change
in amplitude of the disturbance is «carried by the imaginary part of © as shown 1n
Eq.(24).

R R
expf{1(0-0,)] = [exp(ZIR -a,dR)]exp[x(ZIR a dR-wt)] (24)

o o

In order to determine the relative amplitude ratio, A/A,, or as most commonly done,
the amplification factor, N, Eq.(24) 1s used in Eq.(8) to obtain:

R
N = In(a/A,) = -2[ o, (R)aR (25)
Rl

where R, is the Reynolds number at which the constant-frequency disturbance firs becomes
unstable (Branch 1 of the neutral stability curve) and A and A, are the disturbance
amplitudes at R and R,.

The basic design tool is the correlation of N with transition Reynolds number, Ry,
for a variety of observations. The correlation will produce a number for N (say 9) which
is now used to predict R, for cases in which experimental data are not available. This
18 the celebrated e’ method of Smith and von Ingen (e.g. Arnal, 1984; Mack, 1984b). The
basic LFC technique changes the physical parameters and keeps N within reasonable limits

in order to prevent transition. As long as laminar flow 1s maintained and the
disturbances remain 1linear, this method contains all of the necessary physics to
accurateily predict disturbance behavior. As a transition prediction device, the e¥

method is certainly the most popular technique used today. It works within some error
limxts only if comparisons are made with experiments with identical disturbance
environments. Since no account can be made of the initial disturbance amplitude this
method will always be suspect to large errors and should be used with extreme care. When
bypasses occur, this method does not work at all. This discussion is continued at the
end of asection 5.

Mack (1984b) and Arnal(1984) give examples of growth-rate and e calculations
showing the effects of pressure gradients, Mach number, wall temperature, and three

dimensionality for a wide variety of flows. These reports contain the most up-to-date
stability information.

4. CROSSFLOW VORTICRS

Three-dimensional flows offer a rich dessert of instability mechanisms and the 3-D
boundary-layer flow over the swept-wing 1is no exception. This type of flow is
susceptible to four types of instabilities that lead to transition. They are leading-
edge contamination, streamw:ise instability, centrifugal instability, «nd the topis of

this section, crossflow instability. Leading-edge contamination occurs along the
attachment line and is caused by disturbances that propagate along the wing edge (Poll
1979, 1984a,b). Streamwise instability is associated with the chordwise component of

flow and 1s quite similar to processes in two-dimensional flows, where T-S waves
generally develop. This usually occurs in zero or posilive pressure-gradient regions on a
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wing. Centrifugal i1nstabilities occur 1n the shear flow over a concave surface and
appear 1n the form of Gortler vortices (Floryan and Saric, 1979; BHall, 1983).
Attachment-line contamination problems are 1important for transition control but not
discussed here becsuse of Lthe existing reviews cited asbove. On the other hand, a review
of G3rtler vortices may be beyond the goals of this lecture.

The focus of thi1s gection 1s on the crossflow i1nstabi1lity which occurs 1o strong
negative pressure gradient regions. In the leading-edge region both the surface and flow
streamlines are highly curved. The combination of pressure gradient and wing sweep
deflects the 1mviscid-flow streamlines 1nboard as shown :n the schematic of figure 4.
This mechanism re-occurs tn the positive pressure gradicnt region near the trai1ling edge.
Because of viscous effects, this deflection 1s made larger in the boundary layer, and
causes crossflow, 1.e. the development of a velocity component inside the boundary layer
that 18 perpendicular to the i1nviscid-flow velocity vector. This 1s 1llustrated in the
schematic of figure 5. The crossflow profile has a maximum velocity somewhere 1n the
middle of the boundary layer, going to zero on the plate surface and at the boundary-
layer edge. This profile exhibits an 1nflection point (a condition which is known to be
dynamically unstable) causing so-called crossflow vortex structures to form with their
axes i1n the streamwise direction. These crossflow vortices all rotate in the same
direction. Descriptions of this instability are given in the classic psper by Gregory,
Stuart and Walker (1955) and in the reports by Mack (1984b) and Poll (1984b). Since this
1s an 1inchoate area of research at the present time, a more detailed review of the
current work is given wWith emphasis on the results that have appeared since the AGARD
speci1al course 1n March, 1984.

In the past ten years considerable progress has been achieved in calculating the
stability characteristics of three-dimensional flows. The state-of-the-art transition
prediction method still involves 1linear stability theory coupled with an e transaition
prediction scheme (Mack, 1984b, Poli, 1984b). Malik and Poll (1984) extend the stabilaty
analysis of three-dimensional flows, analyzing the flow over a yawed cylinder, to 1nclude

curvature of the surface and streamlines. They show that curvature has a very
stabi1lizing cffect on the disturbances in the flow. This is compared with the
experimental results of Poll (1984a) which show good agreement with the transition
prediction schenme. They also find that the most highly asamplified disturbances are

traveling waves and not stationary waves. This 1s in disagreement with Malik, Wilkinson
and Orszag (1981) who showed for the rotating disk that the fixed disturbances produced
the highest amplification rates. Here again Malik and Poll (1984) obtain good agreement
with Poll’s (1984a) recent experimental work where Poll 1dentifies a highly awplified
traveling wave around one kHz near transition. Malik and Poll obtain N factors for the
fixed-frequency disturbances between 11 and 12 which agreed with the work of Malik,
Wilkinson and Orszag (1981) on the rotating disk. In both cases (the disk and cylinder),
when the extra terms 1nvolving curvature and Coriolis effects are omitted in the
stability analysis, the N factors ate much larger which 1llustrates the need to do the
realistic stability calculations.

Michel, Arnal and Coustols (1984) develop transition criteria for incompressible
two- and three dimensional flows and in particular for the case of a swept wing with
infinite span. They correlate transition onset on the swept wing using three parumeters:
a Reynolds number based on the displacement thickness i1n the most unstable direction of
flow, the streamwise shape parameter, and the external turbulence level. They simplify
the problem by not 1including curvature effects and assuming locally parallel flow and
even with these simplifications, the comparison with experiment shows good agreement.

The current experimental work of Poll (1984a) focuses on the crossflow instability
where he shows that i1ncreasing yaw has a very destabilizing effect on the flow over a
swept cylinder. He characterizes the 1nstability in two ways. The first is by fixed
disturbances visualized by either surface evaporation or o1l1-flow techniques. These
disturbances ara characterized by regularly spaced streak: aligned approximately 1n the
inviscid-flow direction, 1leading to & "saw-tooth” pattern at the transition locataroun.
The second way 1s with unsteady disturbances in the form of a large-~amplitude high-
frequency harmonic wave at frequencies near one kHz. At transition near the wall
surface, he obtains disturbance amplitudes greater than 20% of the local mean velocity.
Tnitially he tries to use two parumcters to predict transition. They are the crossflow
Reynolds number (R.,) and a shape factor based on the streamwice profile. However, based
on the results of his research, he found that two parameters alone are not cnough to
predict transition, and that one needs at lecast three parameters to accurately descrabe
the crossflow instabality.

Michel, Arnal, Coustols and Juillen (1984) present some very good experimental
results on the crossflow 1instability, conducted on a swept airfoi1l model. By surface
visualization techniques they show regularly spaced streaks that are aligned practaically
wn the ainviscid-flow direction, with a "saw-tooth" pattern near the transition area.
They perform hot-wire measurements on the stationary waves. Their results show a span-
wise variation of the boundary layer before transition that becomes chaotic 1n the
transition reguion. The variations are damped in the turbulent region. From their
boundary-layer measurements they deduce that the ratio of ,/6 18 nearly constant and
equal to 4, where A, is the spanwise wavelength and & the physical boundary-layer

thickness. They also:find a small peak in the spectra around onc kHz (like Poll, 1984a),

which 18 due to a streamwise instabalaty. In addition to this they provide some
theoretical work on the secondary velocities, and show counter rotating vortices in the
streamwise direction. However, when these components are added to the mean velocalies

the vortices are no longer clearly visible. Even with all this progress there are very
little experimental data with which to compare the theoretical models.
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A major unanswered question concerning swept-wing flows 18 the 1interaction of
crossflow vortices with T-S waves. If the vortex structure continues aft into the md-
chord region where T-§ waves are amplified, some type of interaction could cause
premature transition. In fact, the unsteadiness at transition observed by Poll and
Michel et al. could be due to this phenomenon. Indeed early LFC work of Bacon et al.
(1962) show a somewhat anomalous behavior of transition when sound 1s introduced in the
presence of crossflow vortices. It is well known that streamwise vortices 1n a boundary
layer strongly nfluence the behavior of other disturbances. Nayfeh (1981) shows that
Gortler vortices produce a double-—-exponential growth of T-S waves. Herbert and
Morkovin (1980) show that the presence of T-S waves produces a double-exponential growth
of Gortler vortices, while Floryan and Saric (1980) show a similar behavior for
streamwise vortices 1nteracting with Gortler vortices. Reed (1984) anslyses the
crossflow/T-S interaction 1n the leading-edge region by using a parametric-resonance
model. Reed shows that the 1nteraction of the crossflow vortices with T-S waves produces
g double evpunential growth of the T-S waves. The results of Bacon, Pfenninger and Moore
(1962) and Reed (1984) clearly show the need to experimentally study problems of this
kind. These papers are discussed later in the context of the results from Saric and
Yeates (1985).

Saric and VYeates (1985) established a three-dimensional boundary layer on a flat
pla.~ that 1s typical of infinite swept-wing flows. This is done by having a swept
lead: :1g edge and contoured walls to produce the pressure gradients. The experimentally
meas.red C distribution 18 wused along with the 3-D boundary-layer code of Kaups and
Cebecs (19575 to establish the crossflow experiment and to compare with the theory. Some
of the results of Saric and Yeates (1985) are discussed below because they 1llustrate
that not everything 1s as it should be 1n three-dimensional boundary layers.

4.1 Boundary-Layer Profiles

Detailed measurements of the inviscid-flow velocities in the chordwise and spanwise
ditections are conducted (Saric and Yeates, 1985) using hot-wire anemometry. Straight-
wire and slant-wire probes are used to obtain the velocity components (U,W). The vector
sum of U and W forms the velocity vector which describes the inviscid streamlines over
the plate and establishes the the tangential direction, x,, with respect to the x-axis.
Where applicable, the experimental results are compared to the theoretical calculations
(Kaups and Cebeci, 1977) of the mean flow, not as a test of the theory, but as a
verification that a typical swept-wing flow 13 established.

Boundary-layer profiles are taken at different locations along the plate with both
the slant-wire and straight-wire probes. Reduction of both the straight-wire and slant-
wire data at one location produces a crossflow profile which provides comparison with the

theory. Initially a boundary-layer profile 1s taken with a straight-wire probe and then
repeated wirth a 45° slant-wire probe. The direction of x, 1s obtained from these
measurements, The velocity components (U,W) are then transformed, placing the new

component U_,, in the direction of the inviscid-flow velocity vector. Finally boundary-
layer profiles, parallel and transverse to the inviscid-flow velocity vector, are
obtained. The velocity component perpendicular to the inviscid-flow velocity vector is
called the crossflow velocity. By definition, since the crossflow profile is
perpendicular to the edge velocity, the crossflow velocity 1s zero in the invia.id flow.
From this profile a crossflow Reynolds Number is calculated. It 1s defined (Pfenul-aer,
1977) as

where &8,, 1is the largest of the heights at which the crossflow velocity is 10% of the
maximum value, and W, .  1s the absolute value of the maximum crossflow velocity.

Figure 6 is a normalized boundary-layer plot of U, and W, at x = 170cm from the
leading edge with a reference velocity of 10m/s. Similar measurements were taken every §
¢m 1n the chord direction and the daca showr here have the least scatter. These results
are compared with the theoretical calculations of the Kaups-Cebeci (1977) code using the
experimental pressure distrabution. In general, at low values of crossflow (closer to
the leading edge) the experimental results tend to agree with the theory in the magnitude
of the crossflow and the location above the test surface where the maximum of crossflow
occurs. Further back, Lhe magnitude of crossflow begins to differ, but the location of
the maximum crossflow 1s still in good agreement. However, a slight reversal of flow
near the wall appears in the data of both these cases that does not appear in the theory
and is due to experimental error in trying to extract out such small differences in the
data. The scatter in all the data is due to resolving small differences of large numbers
after each 18 interpolated from a straight-wire and slant-wire profile and then
transformed into the U, and W, directions. The profile of figure 6 has very little
scatter but differs from the theory in both magnitude and location of the maximum
crossflow primarily because the experiment has a higher than anticipated value of
crossflow velocity because of the wall modifications. Even though the experimental model
does not quite represent an infinite swept wing, the differences between the theory and
experiment are minor in light of the objective of establishing a thick crossflow-velocity
boundary layer.
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4.2 Spanwise Measurements of Vortices -~

Disturbance measurements of the mean fiow are conducted (Saric and Yeates, 1985)
within the boundary layer by making a spanwise traverse (parallel to the leading edge) of
the hot wire at a constant y location with respect to the plate. These measurements are
carried out at many different x and y locations using two different mean velocities. The
results show a steady vortex structure with a dominant spanwise wavelength of
approximately 8.5 cm. Figure 7 shows a typical spanwise measurement at x = 160cm for a
reference velocity of 10m/s. In this region, the structure is well defined and shows
large spanwise varistions. The corresponding spectrum for this disturbance measurement
1s shown 1n figure 8. It shows a sharp peak at a wavelength of about 0.5 cm, bur 1t alsc
shows a broad peak at a larger wavelength, generally at a lower amplitude. The cause of
this broad peak at the larger wavelength 1s explained by the linear-theory predictions
(Dagenhart, 1981) for crossflow vortices. This 0.5 cm wavelength does not agree w:in the
flow-visualization results of the next section nor with the theoretical calculations of :
the MARIA code (Dagenhart, 1981). However, the reason for the disagreement may be known
and is given by Reed (1985). This 1s discussed later.

Moving back 1n x (aft of x = 200cm) toward the transition location, the spanwise
variations decrease and the structure begins to show signs of unsteadiness. These
changes are thought to be due to some type of interaction with weakly growing T-S waves. H

4.3 Flow Visualization

A type of fiow visualization employed in the experiment 1s a sublimation technique.
In this procedure, a solution-of trichloroethane and naphthalene 1s sprayed directly onto

the plate surface. The trichloroethane acts as a solvent when mixed w2th the solid
naphthalene crysials and once the solution 1s sprayed on the plate, the solvent quickly
evaporates leavaing the solid mnaphthalene. The test conditions are set and surface

patterns on the plate are o,served and photographed as the naphthalene sublimes.

Thas flow-visualization technique shows that there exists a crossflow vortex
structure on the swept flat plate. Figure 9 shows typical surface patterns that develop.
This vortex structure 1s wmade visible because of the differential sublimation of the
naphthalene according to variations of the surface shear stress The pattern of
disturbance vortices 1s rearly equally spaced and aligned approximately in the inviscid-
flow direction. The wavelength of the vortices 1s on the scale of 1 cm and this spacing
agrees quite well with the calculated wavelength from the MARIA code. The fact that on
cold days 1t took 45 minutes to establish the vortex structure gives every i1ndication
that the vortices are steady until the transition region 1s approached. The coxnditions
did not permit accurate enough measurements to pro 1de information on the chordwise
variation of wavelength as reported by Michel, Arnal, Coustols, and Juillen (1984).

LR S v e e e diamales Rad e <l

4.4 Determination of Spanwise Wavelength

\

The flow visualization photograph of Figure 9 <clearly 1indicates a spanwise
wavelength of 1 cm on the surface. On the other hand, the spectra of the hot-wire
measurements (taken near Y_,,,) show a dominant sharp peak at 0.5 cm and a smaller broad-
band peak at 1 c¢m. This apparent incongruity can be explained with the wave interaction
theory of Reed (1985), who uses the actual test conditions of this experament. ileed
shows that 1t 1s possible for a parametric resonsnce to occur between a previously
amplified 0.5 cm vortex and a presently amplified 1 cm vortex and that measurements tesken
near the maximum of the crossflow velocity would show & strong periodicity of 0.5 cm.
Moreover, Reed's wall-shear calculations and v-w streamline calculations show the 0.5 cm
periodicaty dying out nesr the wall and the ! cm periodicity dominating.

Interactions of this sort are apparently not unusual. The experiments of Bacon,
Pfenninger and Moore (1962) are crossflow stability experiments that show a shift to -
smaller spanwise wavelengths when sound is 1introduced inte the flow. The sound could
enhance the vortex-vortex interaction discussed above or could be the result of a vortex-

TS wave interaction of the type proposed by Reed (1984).

4.5 Summary {

The spanwise boundary-layer measurements of Saric and Yeates (1385) chow a steady
spanwise variation 1in the mean flow with a waveiength of about 0.5 cm with smaller
variations at a 1.0 cm wavelength. Flow visualization using a sublimation technique show -
a fixed surface pattern with a spanwise wavelength of about 1 cm. This 1 cm wavelength
agrees quite well with the linear stability of Dagenhart (1981) while the 0.5 cm 1s
accounted for by Reed (1985). In all cases the vortex struciure appears to be steady .
until transition 1s approached.

These phenomena are not observed by Michel et al. (1984) who measure phenomena not
measured by Poll nor Saric and Yeates. All of this serves notice that stability and
transition phenomena are extremely dependent on initial conditions.

aty

5. SECONDARY INSTABILITIES AND TRANSITION

There are different possible scenarios for the transition process, but it is
generally accepted that transition 1s the result of the uncontrolled growth of unstable
three-dimensional waves. For swept-wing flows, this growth occurs because of the
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interactions of 3-D waves witn either of the two basic 1nstabilities discussed 1n
sections 3 and 4 of this lecture. Secondary instabiliiies with T-S waves are reviewed in
some detail by Herbert (1984b, 1985) and those with crossflow by Reed (1984,1985).
Therefore, only a brief ovtline 18 given here 1n order tn give the reader some
perspective of the different types of breakdown.

5.1 Secondary Instabilities

The occurrence of three-dinensional phenomena in an otherwise two-dimensional flow
13 8 necessary prerequisite for tr=asition (Tani, 1981). Such phenomena were cbserved 1n
detail by Klebanoff et al. {1962) and were attributed to 8 spanwise differential
amplification of T-S waves through corrugations of the boundary layer. The process leads
rap:idly to spanwise alternating ‘“peaks" and “valleys", i1.e., reg:ions of enhanced and
reduced wave amplitude, and an associated system of streamwise vortices. The peak-vailey
structure evolves at a rate much faster than the {viscous) amplification rates of T-3
waves. The smoke-streakiine photograzh (Saric and Thomas, 1984} 1n figure 180 clearly
shows the rapid sequence of events aft.r the onset of "peak-valley splatting”. The
unstable waves are observed to be two-dimensional until the 160 cm location when the
pattern bresks down very gquickly. This represants the path to transiticn under
conditions similar to Klepanoff et ai. {1362) and 15 called a A-type breakdown. The A-
shaped {Hama and Netant, 1963, spanwise corrugations of streaklines, which correspond to
the peak-valley structure of amplitude variation, are a result of weak 3-D displacements
of fluid particles across the critical 1layer and precede the appearance of Klebanoff's
"hair-pin" vortices. This has been supported by hot-wire measurements and a Lagrangian-
type streakline predictior code {Saric and Thomas, 1984). Note that the A vortices are
ordered 1n that peaks follow peaks and velleys follow valleys.

Differant types of three-dimensional transition phenumena recently observed (e.g.
Kachanov et al. 1977; Kachanov and Levchenko, 1984, Sasric and Thomas, 1984; Saric et al.
1984) are characterized by staggered patterns of peaks and valleys (see¢ figurese 11 and
12} and by their occurrence at very low amplitudes of the fundamental T-S wave. This
pattern also evolves rapidly 1nto transition, These experiments shoved that the
subharmeric of the fundamental wave {8 necessary feature of the staggered pattern) was
excited i1n the boundary layer anu produced either the resonant wave interaction predicted
by Craik {197)1) as shown in figucre 11 (called the C-type) or the secondary 1nstability of
Herbert (1983) as shown 1in figure 12 (called +the ¥-type). Spectral broadenming to
turbulence with self-excited subharmonics has been observed 1n acourtics, convection, and
free shear layers and was not identified in boundary layers until the results of Kachanov
et al. (1977). This paper re-initiated the 1interest in subharmonics and prompted the
simultaneous verification of C-type resonance (Thomas and Saric, 1981; Kachanov and
Levchenko, 1984). Subharmonics have also been confirmed for channel flows (Kozlov and
Ramazanov, 1984) and by darect integration of the Navier-Stokes equations (Spalart,
1984) . There 1s visual evidence of subharmonic breakdown before Kachanov et al. (1877)
1n the work of Hama (1959) and Knapp and Roache (1968) which was not recognized as such
at the time of their publication. The recent work on subharmonics 1s found i1n Herbert
(1983a,b, 1984a,b} and Saric, Kozlov and Levchenko (1984).

The important issues that have come out of the subha-ronic research is that the
secondary instability depends not only on disturbance emplituade, but on phase and fetch
as well. Fetch means here the distance over which the T-S wave grows 1n the presence of
the 3-D background disturbances. If T-S waves are permittad to grow for long distances
at low amplitudes, subharmonic secondary instabilities are initiated at disturbance
amplitudes of less than 0.3%U,. Whereas, if larger amplitudes are introduced, the
breakdown occurs as K-type at amplitudes of 1%U,. Thus, there no longer exists a "magic"
amplitude criterion for breakdown.

5.2 1ransition Prediction and Control

When the recent work on subharmonics 18 added to the discussior at the end of
section 3 on the 1limitations of the e¥ method, one indeed has an wuncertainty principle
for transition (Morkovain, 1978). Transition prediction nethods will remain conditional
until the receptivity problem 1s adequately solved and the bypass mechanisms are well
underastood. In the mean time, extreme care must be exercised when using corellation
wmethods to predict transition. Additional problems of transitior prediction and control
are discussed by Reshotko (1985). The main principle of laminar flow control is to keep
the disturbance 1levels low enough so that secondary instabilities and transition do =ot
oceur. Under these conditions, linear theory 1s quite adequate and e methods can be
used to calculate the effectiveness of a particular LFC devace.

The idea of transition control through active feedback systems 1s an area that has
recerved considerable recent attention (lLiepmann and Nosenchuck, 1982; Thomas, 1983;
Kleiser and Laurien, 1984, 1985; Metcalfe et al., 1985). The technique consists of first
sensing the amplitude and phase of an unstable disturbance and then aintroducing an
appropriate out-of-phase disturbance that cancels the original disturbance. 1In spite of
some early success, this =me.hod is no panacea for the transition problem. Besides the
technical problems of the implementation of such a system on an aircraft, the issue of
three-dimensional wave cancellation must be addressed. As Thomas (1983) showed, when the
2-D wave is canceled, ali of the features of the 3-D disturbances remain to cause
transition at yet another location. Some clear advantage ovir passive systems have yet
to be demonstrated for this technique.
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Distance from leading edge shown in cm. The

The smokewire is at x = 138cm which is R =
Us = 6.6 m/s and

Figure 10. K-type breakdown.

vibrating ribbon 1s at x = 48cm.
Branch II for F = 83 x 10-~ is x = 170 (R = §70).

784,
= 3%hz. Chordwise wavenumber a = a/R = 0.22 x 10~>, spanwise wavenumber b =
8/R = 0.33 x 10~%, b/a = 1.5, Maximum rms u" at Branch Il is approx. 1%.
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Figure 12. H-type treakdown. Same as figure 10 except u’ at Branch II is
At R = 1000, b = 0.32 x 10->, b/a = 1.464.
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LAMINAR FLOW CONTROL WITH SUCTION: THEORY AND EXPERIMENT
by
William S. Sarac

Mechanical and Aerospace Engineering
Arizona State University
Tempe, AZ 85287

SUMMARY

The concept of boundary-layer stabilization with weak wall suction 1s introduced at
a basic level and the means for calculating the effects of suction are descr:bed. The
historical development of this technique is reviewed and the state-of-the-art of theory
and experiment is covered. Some problems associated with the 1mplementation of suction
into aircraft boundary layers are discussed.

1. INTRODUCTION

The advent of higher fuel costs in the =mid-1970’s prompted 1initiation of the
Aircraft Energy Efficiency prcgram (ACEBE) within NASA in 1976 (Provinelli et al., 1976).
This program has supported drag-reduction activity in all aspects of aircraft design
(e.g. Pfenninger et al., 1980) and has been recently summarized by Wagner and Fischer
(1983) and Braslow and Fischer (1985). One important aspect of this program 18 lLaminar
Flow Contral (LFC), which 1is an attempt to msintain lominar boundary layers on the wing
surfaces by delaying transition to turbulence.

The attractiveness of LFC 13 a subsequent decrease in the skin friction of 60-80%x
when the boundary layer is laminar 1instead of turbulent. In commerc:al transport
aircraft, the viscous drag accounts for 50% of the overall drag. If fully laminar flow
can be maintained on the wings, overall drag 1s reduced by 25%.

The feasibility and effectiveness of viscous drag reduction in aircraft via LFC has
been demonstrated through the extensive research efforts of Pfenninger and co-workers
over the last forty years. This work has been summarized 1n the lecture notes of
Pfenninger (1977) which are required reading for anyone interested in LFC. The reports
of Bushnell and Tuttle (1979) and Tuttle and Maddalon (1982) are rather complete
bibliographies that catalog all of the important LFC papers and thus it 1s not necessary
here to survey all of the literature. Moreover, the lectures by Thomas (1985) and
Braslow and Fischer (1985) bring the current technology up to date.

The objective of this report is to describe i1n some detail the role of wall suction
and preasure gradients in delaying transition on aircraft systems. The state-of-the-art
in predicting the effectiveness of suction is described and some technical issues

regarding the :implementation of suction are discussed. The LFC roles of heating and
cooling are not discussed, since they are not considered to be aircraft applications and
excellent surveys on the topics already exist. For example, the heating and cooling

applications in LFC systems are reviewed by Reshotko (1978, 1979, 1984b, 1985)

2. STABILIZATION MECHANISMS

Given the caveats described in the first lecture (Saric, 1985b), the process of
laminar-turbulent transition is generally the result of the uncontrolled growth of small
disturbances. A number of instability mechanisms may be in operation in the boundary
layer, and together these eventually lead to tranaition. The job here in describing the
transition process is made easier by the recent monograph-like AGARD Special Course on
the subject (Arnal, 1984; Mack, 1984b; Reshotko, 1984a,b; Poll, 1984; Herbert, 1984b,c).
Therefore, only a brief outline 1s given here.

One type of instability to be considered 1s the viscous instability with respect to
leminar boundary-layer disturbances, called Tollmien-Schlichting (T~S) waves (e.g. Arnal,
1984; Mack, 1984b; Saric, 1985b). These waves are initially two-dimensional and are
selectively amplified or demped depending on Reynolds number and frequency. This
instability is most important in the mid-chord region where the C, distribution may be
flat or decelerating. A second type of instability results when a tﬁree-di-ensional flow
exhibits an inflectionel velocity profile (in this case due to crossflow on swept wings).
The resulting inviscid instability becomes more important as sweep angle increases and
dominates in the leading-edge region where the crossflow is maximal (e.g. Mack, 1984b;
Poll, 1984; Saraic, 1985b). This instability is characterized by streamwise vortices all
having the same sense of rotation that are called crossflow (C-F) vortices. Another
possible inviscid instability mechanism depends on the nature of the wall curvature. The
presence of concave curvature and the saccompanying centrifugal forces give rise to the
Gortler instability (e.g. Ploryan and Ssriec, 1979; Hall, 1982, 1983). In this case the
instability is in the form of counter-rotating streamwise vortices called Gértler
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vortices. Finally, there 1s the case of leading-edge contamination (Poll, 1984) which
1nvolves the propagation along the attachment line of disturbances that originate from
local disturbances or from the turbulent boundary layer cn the fuselage.

The prainciple behind LFC 18 to keep the growth of these disturbances withain
acceptable limits so that 3-D and nonlinear effects do not cause breakdown to turbulence.
With this philosophy, one only deals with linear disturbances and thus, the difficulties
with trunsition prediction do not directly arise. The manner i1n which LFC works can be
described using the following example of Reshotko (1984b,1985).

It 1s well known that the veloc.ity-profile curvature term 1n the Orr-Sommerfeld
equation, -(32U/dy2)¢, 1s an important driver of the stability behavior. In fact, it 1s
more 1mportant than unmeasurable changes 1i1n the mean velocity itself. The boundary-layer
flow can be made wmwore stable by making the curvature term sore negative near the wall.
In the notation of Saric (1985b), the boundary-layer momentux equation can be evaluated
near the wall, as shown 1n Eq.(l), and used to 1llustrate the stabilizing effects of
different LFC techniques.

pV,3U/dy + dP/dx - (du/dT)(dT/dy)8U/dy = pd2U/dy? (y = 0) (1)

Rquation (1) shows that wall suction ( V, < © ), favorable pressure gradient
( dP/dx < 0 ), cooling in air ( du/dT > 0, 3T/3y > 0 ), and heating in water ( du/dT < O,
aT/dy < 0 ) all tend to stabilize the boundary layer by making the curvature term more
negative.

It should be pointed out that these are very sensitive mechanisms and that even weak
suction or weak pressure gradients produce strong effects. For example, a Falkner-Skan
pressure gradient of g = 40.1 (which can only be measured by comparing a 6.6% change in
the shape factor, §*/8, frcm Blasius) increases the minimum critical x-Reynolds number by
a factor of 9 (e.g. Wazzan, Okamura, and Smith, 1968). At the same time, average suction

velocity ratios of V,/0, =~ 10-3 - 10-* are not unusual for LFC applications and can, for
example, reduce relative amplitude growth from e?® to e5 at F = 10 x 10-¢ (Saric and
Nayfeh, 1977). That the system works is evidenced by the fact that the X-21 achieved

laminar flow at chord Reynolds numbers of 47 x 10 with a 20X decrease in overall drag
(Pfenninger, 1977).

Present designs for supercritical energy-efficient airfoils have LFC gsystems with a
porous region near the leading edge. Generally, suction :1s applied near the leading edge

of a swept wing in order to control leading-edge contamination and crossflow
instabilities (Wagner, Maddalon and Fischer, 1984). Appropriate shaping of the pressure
distribution stabilizes wid-chord .nstabilities (Wagner and Fischer, 1984). This

arrangement 1s called a Ahybrid LFC system 1n that 1t combines active LFC (suction) with
passive LFC (pressure gradient).
3. TWO-DIMENSIONAL DISTURBANCES

The mid-chord region is expected to be dominated by two-~dimensional T-S waves so 1t
serves as a good high-Reynolds-number reference for describing the stability calcu-

lations. In general, there have bee~ no difficulties i1n predicting the stabilizing
effects of pressure gradients since the mean-flow calculations are well 1n hand (Kaups
and Cebeci, 1977). The situation witn regard to suction has not been as straightforward.

Althcugh the theory up to the m1d-70's was adequate to predict the general nature of the
effects of suction for continuously distributed suction cases (e.g. Saric and Nayfeh,
1977; Srokowski and Orszag, 1977; Lekoudis, 1979), the capability for calculating the
mean flow (and 1ts stability) over finite-width suctlion strips was still unknown. More-
over, 1t was thought at the time to use suction slots or strips in the mid-chord region.
The abrupt change 1n wall boundary conditions for this type of flow raised all sorts of
questions regarding the adequacy of distributed-suction calculations to account for the
upstream influence and non-parallel effects of slots or strips. This situation prompted
a series of theoretical works by Nayfeh and co-workers and a parallel experimental
program which together, put the cap on the understanding of stabilization with suction of
two-dimensional T-S waves (Reed and Nayfeh, 1981; Reynolds and Saric, 1982).

3.1 Theory
The objective of the theory of Reed and Nayfeh (1981) was to not only determine the

effectiveness of suction for LFC, but to determine the optimal number, spacing, and mass
flow rate through finite suction strips, taking into account 8l]1 of the changes in the

mean flow. Because of the sensitaivity of the stability problem, 1t 1s necessary to
calculate the basic state as accurately as possible. Nayfeh and Kl-Hady (1979) used a
nongsimilar boundary-layer code to solve the mean flow. However, nonsimilar boundary-

layer calculations fail to account for the upstream influence of the suction slot. On
the other hand, solutions of the Navier-Stokes equations or of the interacting boundary-
layer equations usually require prohibitively lerge amounts of computer time and storage
as well as having difficulties at high Reynolds numbers.

Reed and Nayfeh (1981) used the 1linearized triple-deck, closed-form solutions of
Nayfeh, Reed and Ragab (1980) for the flow over porous suction strips. It will be shown
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below that these resvlts compare well with interacting-boundary-layer solutions and with
the experimental data of Reynolds and Saric (1982). Moreover, they develope. an elegant
and workable optimization scheme for idealizing the locstion of the suction strips; =
result that was also experimentally confirmed.

3.1.1 Disturbance State

The stability equations are formulated in the wusual way by superposing small
disturbances on the basic state to form total flow quantities, Q*, i1n the following way.

Q*(x,y,t) = Q(y) + q'(x,y,t) (2)

where Q(y) is a basic-state quantity such as a velocity component that only depends on
the coordinate normal to the surface and q’'(x,y,t) represents a small unsteady
disturbance quant:ity such as velocity or pressure.

These total flow quantities are substituted into the Navier-~Stokeas equations, the
solution of the basic state drops out, and the equations are linearized (e.g. Mack,
1984b). These linear partial differential equations are locally separable in x and t
with the separation of variables solution given by:

Q' (x,y,t) = q(y)exp(1(kx-wt)] (3)

where k and w are the dimensionless streamwise wavenumber and frequency, respectively,
normalized with respect to the boundary-layer reference length, & = VX and the
freestream velocity, U Here w is real and k = k, + 1k, is complex.

o?
o

Substitution of Eq.(3) into the linearized partial differential equations results in
the Orr-Sommerfeld equation for the streamfunction ¢:

(D2 - k2)2¢ - 1R[(kU - w)(D2 - k2)¢ - k(D2U)g] = 0 (4)
with boundary conditions:

#(0) = Dg(0) = 0, ¢(y = o) + 0. (5)

where D = d/dy. Bquations (4)-(5) are linear and homogeneous and form an eigenvalue
problem which consists of determining k as a function of frequency, Reynolds number, and
the basic state. The Reynolds number 1s usually defined as

R =U,8 /v = JRe, (€

and is used to represent distance along ther. surface. Wwhen comparing the solutions of
Eq.(4) with experiments, the reduced frequency, F, is introauced as

F = w/R = 2#fy/U,2 (7)

where f 18 the frequency in Hertz.

In order to interpret the stability behavior, Bg.(3) 1s rewraitten 1n the following
form:

¢’ (x,y,t) = #(y)[exp.~k,x)])expli(k, x-wt)] (8)

which shows -k, as the spatial growth rate. Depending on the sign of this term, the flow
1s said to be stable or unstable, i.e. 1f -k; > 0, the disturbances grow exponentially in
the streamwise direction. Recall that Eq.(8) is said to only hold locally (within the
quasi-parallel flow approximation) since k = k(R) and R represents the streamwise
coordinate (Mack, 1984b).

Equation (B8) can be integrated along the surface to determine the relative amplitude
ratio, A/A,, or as most commonly done, the amplification factor, N.

R
N = In{A/A,) = -2[ k (R)dR (9)
RD

s
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where R, 1s the Reynolds nusber at which the constant-fraquency disturbance first becomes
unstable (Branch I of the neutral stability curve) and A and A, are the disturbance
amplitudes at R and R,. As mentioned in the previous lecture, the basic design tool 18
to keep N within reasonable limits in order to prevent transition. This 18 the
celebrated e method (Arnal, 1984; Mack, 1984b).

3.1.2 stability Calculaticns

The eigenvalue problem 12 solved with the appropriate basic state used as input
(Reed and Nayfeh, 1981). Justification for wusing the usual homogeneous boundary
conditions on the disturbance velocity (Eq. 5) over the pourous sections follows the work
of Gaponov (1971) and Lekoudis (1978).

Figures 1 and 2 are comparisons between the growth-rate calculations made with three
different techniques and the Blasius flow as reference. Figure 1 1s a low-Reynolds-
number calcula‘ion of the growth rate for the case of a flat plate with one porous strip
of width 20mm centered at a distance of 300mm from the leading edge. The x-Reynolds
number at the center of the strip is 1 x 105 and the dimensionless flow rate through the
suction strip is V, /U, = -2.3 x 10-4. A disturbance with a dimensionless frequency F =
2wfy/U,2 = 210 x 10-° is superposed on the mean flow. This figure shows good agreement
between the 1linear triple-deck model and the more complicated interacting boundary-layer
solution. The nonsimilar calculations are poor in comparison due primarily to the
1mpulsive 1mposition of the wall-suction boundary condition. Figure 2 has the same
geometry and suction level as figure 1 except the strip 1s at Re, = 10° and the
disturbance frequency 1i1s F = 40 x 10-°. A small upstream influence 1s observed and a
gsignificant reduction in growth rate is shown in the vicinity of the strip even for such
a small suction ievel.

The elegance of the linear triple-deck solution is that multiple-strip
configurations can be considered with ease. Reed and Nayfeh first developed a
perturbation technique to determine the correction to the Blasius-flow growth rate at x;
due to a strip centered at x; that has a unit suction velocity. The result is a set of
influence coefficients, a;,, that can be used in a superposition technique to calculate
the growth rates at locations x; modulated by the presence of a number of porous suction
strips at x; with suction velocities V . The local amplification factors are found
similarly. Since the a,; are independent of the suction levels, an optimization scheme
for minimizing the amplification factor is possible.

These results were used by Reynolds and Saric (1982) to reduce the parameter space
1n their experiments and to provide a basis for a comparison between the theory and the
experiment. The remainder of the theoretical results are discussed along with the
experiments.

3.2 Experiments

Much of the work of Pfenninger and co-workers (Pfenninger, 1977) was concerned
primarily with the implementation of wall suction through narrow (x100uxm width) slots.
This notivated the detailed experiments of Kozlov et al. (1978) and Thomas and Cornelius
(1981) who measured the flow field and stability characteristics downstream of the
suction slot. The two-dimensional nature of the suction slot offers a number of distinct
advantages over the use of holes (see section 5) as well as over 2-D suction strips
(Thomas, 1985). Althosgh the issue is not settled, design considerations may dictate the
use of porous strips (xZ20mm width) as the suction device (Braslow and Fiacher, 1885).

The objective of the experiments of Reynolds and Saric (1982) was to conduct careful
and thorough measurements of the effects of suction strips on boundary-layer stability
and thus provide a data base for theoretical models. The experiments were conducted on a
flat plate fitted with porous suction panels. The porous-panel surface material was a
woven stainless steel materinl of 80 x 700 mesh with a 80 x 80 mesh backing layer. The
substructure was divided i1nto spanwise flutes that manifold the airflow. With this
configuration, the suction distribution was varied on each panel from continuous suction
over 254mm to discrete suction with 16mm strips. Later, Saric and Reed (1983) performed
additional experiments by using porous panels made of the perforated Titanium skin (63um
holes on 635xm centers) that is presently considered for LFC systems. They found the
results of Reynolds and Saric (1982) qualitatively unchanged with this new material, the
titanium surface gave more consistent results, and the agreement between theory and
experiment was better.

3.2.1 Disturbance Measurements

In Reynolds and Saric (1982), detailed hot-wire measurements were made of the mean
flow and of the disturbance flow in the low-turbulence wind tunnel at VPI&SU. The
disturbances were introduced by means of a vibrating ribbon. This technique permits the
introduction of & wide variety of initially two-dimensional disturbances (Costis and
Saric, 1982) and is a valuable tool provided the ribbon span is long enough (Mack,
1984a) .
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Figure 3 (with data taken from Reynolds and Saric) shows the mean-flow velocaty
profile, U(y), and the rms disturbance velocity profile, Lu'(y) , downstream of a single
suction strip (16mm wide) located at x = 1.94m from the leading edge. The suction
velocity was V,/U, = 5.7 x 10-3 at a freestream velocity of 15m/s. The dimensionless
frequency was F = 20 x 10-6 and the strip was at a x-Reynolds number of 1.8 x 106,
Measurements were taken at Re, = 1.9 x 106, The thecry of Reed and Nayfeh (1981) 1s
superposed on the data with good agreement.

A composite of the experimental data from a no-suction case and figure 3 1s shown 1in

figure 4. The disturbance amplitudes have been normalized to have their maxima equal to
1.0, The unnormalized |u'|,,, are 0.55%U, and 1.2XU, with and without suction,
resnectively. One¢ observes only a slight change 1n the mesn flow velocity profile
whereas a more pronounced distortio of thz normalized disturbance velocity profile 1s

present and the disturbance energy 1s redistributed to a region of higher dissipation.
In the following presentation of the data, the disturbance amplitude 8t a given

streamwise station was expressed 1n terms of the integral of |u’| across the boundary
layer given by.

oo
A = [ ) | 70,4y (10)

Integration of the disturbance profile using Eq.10 1s a more desirable method for the
evaluation of the disturbance behavior than the the usual single-point measuremeats for a

number of reasons. First, the non-parallel effects i1n the boundary layer are minimized
when compared to single-point measurements conducted along constant y or constant y/$é
{e.g. Gaster, 1974; Saric and Nayfeh, 1977). In addition, the experimental errors of

scatter that are 1nherent in single-point measurements are reduced by 1integration of the
disturbance profile. Finally, integration allows profile shape changes due to suction to
be 1i1ncluded 1n the measurement.

Figure 5 shows the corresponding disturbance i:wmplitude behavior as a function of
Reynolds number for the conditions of figure 3 with a.d without suction. The amplitudes
have been normalized to the 1nitial Reynolds-number . :asurement, A, = A(R,), which ain
terms of maximum rms u’, was u,lnax ~ 0.05%xU,. In this case the suction was strong
enough tc cause decay from a region ahead of .he strip to 205 downstream. Of partaicular
interest 1s that the theory predicted the upstream influence rather closely and 1n
general did very well against the experiments. Other measurements were conducted at
lower suction levels and with multiple-strip configurations. In each case the theory
agreed with the data 1n every aspect.

3.2.2 Optim:rzation Theory and Experiment

To obtain an efficient suction-strip configuration, Reed and Nayfeh (1981) minimized
the amplification factor N, while waintaining constant wmass flow rate. Other
optimization choices are possible with the theory and some may be more desirable from a
system standpoint e.g. minimize drag with constant mass flow. However, the farst choice
was the easiest to verify experimentally. Their perturbation solution showed that
suction should be concentrated not in the region of maximum growth rate, but further
upstream near Branch I of the neutral stability curve.

Figure 6 is a direct test of the optimization scheme and contains three sets of

data. The first is the no suction case as a reference. The second is a configuration
with 7 strips open on one panel and 3 strips open on another with a flow unit Reynolds
number of .923 x 106m-!. The third is the same suction configuration except at a flow
unit Reynolds number of .769 x 106m-1, This lower flow velocity shifts the suction

strips to a lower boundary-layer Reynolds number (closer to Branch 1) while keeping
everything else more or less constant. The suction levels and the location of the strips
are shown on the figure. The theory agrees with the experiment in all respects.
Moreover, this figure was duplicated by Saric and Reed {1983) at a later time with
perforated titanium panels.

It appears that the theory provides an adequate tool for predicting the suction
requirements for LFC systems 1n so far as two-dimensional T-S waves are concerned. In
the remaining sections, other problems on the application of the suction technique are
discussed.

4. THRBEE-DIMENSIONAL DISTURBANCES

The most importent consideration in LFC with suction is the leading-edge region
where the both the basic state and the disturbance state are three-dimensional and
crossflow disturbances are expected to dominate. The question is not one of whether or
not suction will stabilize the flow. The calculations of Floryan and Saric (1883) show
that typical LFC suction levels will stabilize Gortler vortices and the crossflow prihlem
should not be much different. The real question is what are the C-F disturbanzes doing.

As described in the first lecture, the recent work of Saric and Yeates (1985), Reed
(1984, 1985), Malik and Poll (1984), and Michel et al. (1984) have raised more questions
with regard to crossflow 1instabilities. Whether these vortices are: (1) steady or
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with regard to crossflow 1instabilaties. Whether these vortices are: (1) steady or
unsteady, (2) interacting with T-S waves, (3) interacting with other C-F vortices, (4)
changing wavelength, and (5) alwsys co-rotating or counter-rotating are questions that
need to be resolved. Do nonparallel effects 1n the leading-edge region strongly
influence the C-F protlem to the extent that a complete 3-D, nonparallel analysis (e.g.
Nayfeh, 1980) should be used? Moreover, do the C-F vortices provide the spanwise
modulation required to produce the rapid growth of secondary instabilities p-edicted by
Nayfeh (1981), Herbert and Morkovin (1980) and Floryan and Saric (1980)7 Nredless to
say, the C~F problem 18 still one of active consideration by a number of 1nvestigators.

5. SUCTION THROUGH HOLES

One possible candidate for a porous surface 18 perforated titanium +1th a sub-
assembly manifold slot (Pearce, 198Z; James and Maddalon, 1984). This has the advantage
over surface slots because the skin remaings a continuous structural member. An i1mportant
charuycteristic of such a surface 1s that it contributes only a small perpendicular
pressure drop when suction 18 applied. In the leading-edge region, the streamwise
oressure gradient may be strong enough across a manifold slot to cause outflow in the aft
region of the manifold while inflow occurs in the forward region. The effects of outflow
on boundary-laycr transition were investigated by Saric and Reed (1983) 1in & preliminary
study following the work of Reynolds and Saric (1982). They showed that blowing was
1ndeed destabilizing. In order to avoid the problems of outflow destabilization, it has
been suggested that one either lower the manifold pressure or decrease the number of
holes. It 1s generally accepted that, 1n any case, it may be necessary to increase the
local flow rate and perhaps increase the hole spacing over present designs. This 1s
called the oversuction problenm.

There are a number of important and inseparable stability and transition issues
arising from oversuction 1n holes that are not present when one uses slots. Some of them
are: (1) the creation of streamwise vortices at each suction hole as the flow rate
increases, (2) the creation of resonant spanwise scsles when the hole spacing is
changed, (3) the different roles that issues (1)-(2) play with regerd to destabilizing
C-F vortices or T-8 waves or the C-F/T-S interaction. These topics are discussed below
in the 1light of the fact that there 1s a dearth of solid experimental data and
theoretical models to guide the designer and researcher.

5.1 Local Streamwise Vortices

Streamwise vorticity is the major source of three-dimensional disturbances within
the boundary layer that cause secondary 1instabilities leading to transition (Saric and
Thomas, 1984; Herbert, 1985). Other analyses (Nayfeh, 1981; Herbert and Morkovin, 1980;
Floryan and Saric 1980) have shown thet certain types of spanwise modulations of the mean
flow produce additiona! amplification that results 1in double exponential growth of
disturbances i.e. A % exp(exp(ox)). The importance of the control of three-
dimensionality in boundary-layer stability 1s only now being underatood {Nayfeh, 1980;
Saric, 1985a) and must be part of any laminarization work. Since the usual stabilaitiy
theory does not include interactions between 3-) disturbances, one would expect premature
transition and failure of the e¥ method in this case.

The flow over a hole with suction resembles in principle the flow over a finite wing
with lift (or more appropriately, a circular disk at angle of attack) in that a pair of
tip vortices are generated. As the suctior. velocity increases in the hole, the coupling
of the 1local 3-D flow with the streamwise flow intensifies the vortex structure. The key
result in the early Northrop work (Goldsmith, 1953; Goldsmith, 1954; Meyer and
Pfenninger, 1955; Goldsmith, 1957) was that an i1ncrease 1n guction velocity destabilized
the flow through a basic instability of the vortex structure.

These phenomena may be parameterized by a hole Reynolds number, R, = V,D/v, and the
velocity ratio, r, = V,/U,, where V, is the average velocity through the suction hole, D
is the hole diameter, and U, 1s the freestream velucity. An equivalent way of express ng
the hole Reynolds number is with the volumetric flow rate, Q. Thus: R, = 4Q/#Dv. Other
important parameters are the boundsry-layer Reynolds number, R = U 8/v, the unit Reynolds
number, R’ = U,/v, and the thickness ratio, 8/D. What is unknown at this time are the
threshold values of R, and r, that cause the appearance of streamwise vortices.
Moreover, it 1s not known at what strength and spanwise scaling these vortices begin to
effect the stability behavior.

In the experiments of Saric and Reed (1983), there was no apparent effect on
stability when the hole Reynolds number, R,, was increased beyond 200. In these
experiments R, and r, were choseu to be typical LFC applications but R, R', and &§/D were
off the mark.

The Nocthrop experiments varied hole spacing, number of holes, freestream velocity,
suction velocity, hole diameter, and location of holes. They contributed a vast amount
of data over different ranges o parameters. Only a few highlights will be summarized

here. It was observed that a pair of vortices were shed from each hole for both an
isolated hole and a row of holes. At low suction rates, the flow was undisturbed in all
cases. For a row of closely spaced holea with an increased suction rate, the trailing

vortices of adjacent holes linked together to form horseshce vortices which grew with
time and then shed downstream followed by tho formation of new horseshoe vortices. The
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result was a continuous series of horseshoe vortices forming between holes and shedding
downstream. From the Northrop data, it appears that this instability of the vortex
pattern (although 1t was not called that) occurred in the range 370 < R, < 720 with a
velocity ratio, r,, approaching 1. These suction levels are probably a bit high and the
experiments relied on qualitative measurements that would not, of course, be considered
to be state of the art today. As with the Saric and Reed work, the unit Reynolds number
and the thickness ratio, &/D, were not in the proper range. However, this work 18 very
valuable 1n pointing out the extreme sensitivity of boundary-layer stability to small
changes in hole spacing, hole diameter, and flow rate.

5.2 Resonant Spanwise Scales

The use of discrete suction holes produces a weak spanwise nonuniformity of the mean
flow. Spanwise nonuniformities of the order of T-S wavelengths, A\;5, or of the order of
C-F vortex wavelengths, \.., can produce resonant wave iiteractions (Saric and Thomas,
1984; Saric and Yeates, 1985; Reed, 1984, 1985; Herbert, 1983, 1984a,b,c, 1985)). For T~

S waves, A;; ® 668, whereas for C-F vortices, A, = §. When the hole spacing, L, 1s
around 1 mm, there is little chance of resonant T-S interaction, but there 1s indeed a
chance for C-F interaction in the flight case. The experiments of Saric and Yeates

(1985) and the theory of Reed (1985) demonstrate the strong possibility of C-F
interactions that changes the usual stability behavior. Moreover, if one increases the
hole spacing in order to obtain a larger pressure drop across the surface, critical hole-
spacing lengths for T-S wave interactions may be reached. The Northrop experiments
(Goldsmith, 1957) demonstrated a significant sensitivity to hole spacing and orientation.
Their qualitative data showed that the critical suction levels for tripping the flow were
lower in the case of a number of rows of holes than in the case of a single hole or a
single row of holes. What are missing here are hard data coupled with theoretical
predictions that define the extent of this problenm.

6. CONCLUSIONS

The understanding of the effects of suction and pressure gradients on the stability
of T-S waves is well in hand. Computational tools exist that can be used with confidence
by Lhe designer. The issues with regard to the 1leading-edge problem that include
croasflow vortices an4i leading-edge contamination are not as well understood. The shift
of LFC suction techniques from slots to holes may cause problems of secondary boundary-
layer destabilization.
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DESIGN CONSIDERATIONS FOR APPLICATION OF LAMINAR FLOW CONTROL SYSTEMS
TO TRANSPORT AIRCRAFT

by
Albert L, Braslow* and Michael C. Wischer
NASA Langley Research Center
Hampton, Virginia 23665

SUMMARY

Research and development in laminar-flow control (LFC) has been
intensive 1n the past 10 years since the "oil crisis” of the early
1970's. The prospects for the inplementation of the technology on
commercial transports are now better than at any time in the past.

This paper briefly summarizes the current status cf the
laminar-flow control technology. Factors that have previously
inhibited the application of LFC are first reviewed. Involved are
the effects of atmospheric ice crystals, surface irregularities,
accustical environment, and off-design operating conditions. Air-
craft design trends that are different from turbulent aircraft are
discussed as are various design requirements unique to the LFC
systems., Current design approaches for the principai LFC systems
are reviewed, These include the system for protection of the
leading-edge region from surface contamination and icing and the
system for removal of a portion of the boundary-layer air. The
latter includes consideration of both multiple spanwise suction
slots and distributed perforations and required differences between
the wing-box and leading-edge box regions.

NOMENCLATURE

e

a wave amplitude
AR aspect ratio
b wing span or slot depth
BPR engine bypass ratio
c chord
Cp total airplane drag coefficient
1 CDi induced drag coefficient
i Cp profile drag coefficient
R ! ! CLO aircraft lift coefficient
aCy slot spacing
Cp surface pressure coefficient
Cps slot pressure drop coefficient
Cq suction flow coefficient
¢, airfoil lift coefficient
\ d perforated hole diameter
) Dy indu.ed drag
DOC direct operating cost
EMD equivalent melted diameter
FL field length
FVR fuel volume ratio
g gap width
GASP global atmospheric sampling program
h step height
k roughness height
L lift
. : LECF leading edge crossflow i
g LFC laminar flow control
Qg M Mach number
Qe free stream dynamic pressure
Q surface porosity
Ry Reynolds number based on roughness height
Reynolds number based on slot width
R/ft unit Reynolds number
s perforated hole spacing
S area of wing or tail
S¢ flap deflection
t wing thickness
TECF trailing edge crossflow
TICp fraction of time-in-clouds fo. a flight
. TICg average fraction of time-in-clouds for a given route
*Re.ired .
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TOGW takeolf gross weight

T-S Tolluien Schlichting

u velocity

v velocity of sucked flow through surface

w slot width

W aircraft weight

W wing box weight

w7/wREF rglative wing by weirght

W wing loading

X distance from leading edge

(X/C\L fraccion of wing chorad laminarized

z sucked height b
By slot design parameter defined as aF
5 boundary-layer thickness W
o density
n viscosity
X wave length
A wing sweep at xC
Subscripts-
crt critical conditions
e boundary-layer edge conditions
MAX maximum value
SUB subsurface conditions
THEOR t.reoretical value
w conditions at wall
z conditions at sucked height
© free stream conditions
INTRODUCTIO!"

Fuel costs comprise a major portion of air transport operating costs. Thus, energy
efficiency is an essential design goal for transport aircraft. Technology for mainte-
nance of a laminar Loundary layer over extensive regions of aircraft surfaces during the
cruise phage of flight offers great benefits in fuel efficiency and direct operating
cost. NASA and the American air transport industry have been cooperating since 1976 in
a comprehensive program to expedite introduction of laminar-flow technology into produc-
tion aircraft.

An immense background of information had been developed at the time of the decision
to reactivate efforts to apply laminar-flow control to aircraft. See Reference 1 for an
extensive survey and bibliography on these pioneering efforts. Although this informa-
tion established and verified basic concepts, no applications had been made to either
commercial or military airrraft because the technology for a reliable and economically
practical application was ‘nadequate and the fuel-cost savings at that *ime did not
warrant the time and effort required to bring the technology to a state of readiness for
application. Advances in materials and manufacturing technology and large increases in
the relative cost of fuel since the hiatus in LFC activities commenced in the mid 1960's
fostered the reactivation of an LFC program. The program was formulated to focus on the
industry needs and coacerns regarding a reliable and economically practical application
of laminar-flow technologies. The factors of concern are indicated in Figure 1.

They include sweep, where laminar-flow control experience with the high values
required for high-speed transports is very limited, and airfoil shape, where new "super-
critical” type profiles -desired for high subsonic speeds must be accommodated. The
advanced airfoils are reqiired so that LFC aircraft can retain the projected performance
advantage over advanced-technology turbulent aircraft. Efficient suction distributions
are necessary to minimize the gize and power requirements of the suction-systzm compo-~
nents, the laminar skin frictior, and sensitivity to surface roughness. Also, slterna- i
tives for surface openings must be evaluated. The very fine upenings of the suction
system must not unduly cnrrode or clog and must be cleanable and repairable. New mater-
ials currently available must be manufacturable to close shape and smoothness tolerances
without excessive cost. The sensitivity of the laminar boundary layer to edverse opera-
tional influences such as accumulation of insects or dirt, erosion, foreign-object
damage, and engine noise must be attenuated, Finally, the degree to whicnh atmospheric
ice particles will impact the performance of a fleet of laminar-flow control aircraft
must be known.

This paper briefly reviews some of the advances made cduring the recent program in
these areas of concerr that had previously inhibited the application of LFC.

FACTORS AFFECTING LFC VIABILITY
ftmospheric Ice Crystals

During flight tests of the X-21 laminar-flow control airplane (Ref. 2), a factor
that adversely affected retention of laminar flow was the existence of ice particles in
cirrus clouds or haze. When penetrating light cirrus clouds or haze at typical cruise N
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conditions, laminar flow was partially degraded or erratic. At cruise altitudes, cirrus
clouds are comprised mainly of ice crystals indicating that the crystals are detrimental
to the maintenance of larinar flow. A theory was developed (Ref. 3) to explain and pre-
dict the effect of ice particle encounter on the maintenance of laminar flow. It was
theorized that turbulent vortices shed by ice particles in the boundary layer will
trigger boundary-layer transition for certain combinations of particle size, concentra-
tion, and residence time ir the boundary layer. Figure 2, adapted from this analysis,
1llustrates the combinations that affect laminar flow at an altitude of 40,000 ft for a
Mach number of 0.75. Columnar ice particles, for which the analysis was made, with an
equivalent melted diameter of less than 33 ,m will not cause boundary-layer transition
at any ambient concentration level (region 1). For particles larger than 33 ym EMD,
particle concentrations smaller than about 500 parucles/m3 produce no effect on main-
taining laminar flow (region 2). As particle concentrations increase above about 500/m3
(for EMD greater than 33 im), there is an increasingly detrimental effect on laminar
flow (regions 3 and 4). The critical values of particle size and concentration are
functions of airfoil leading-edge shape and aircraft speed and altitude, all of which
affect the number of ice particles that penetrate the boundary layer. Quantitative
validation of the regions of Figure 2 for several flight conditions await planaed flight
research.

Based upon the available theory, however, the magnitude of the cloud problem on
operational LFC aircraft has been assessed, Firstly, all available meteorological data
were studied to determine the probability of cloud encounter as a function of altitude,
season of the year, and geographic location. Secondly, estimates were made of the prob-
ability of laminar-flow loss along various airline route/altitude profiles.

The desired cloud-encounter data did not exist in documented form but, fortunately,
unanalyzed cloud data were available from the NASA C4i3P (Global Atmospheric Sampling
Program) archive. As part of the GASP effort, some 88,000 cloud-encounter measurements
on more than 3000 Boeing 747 airliner flights were obtained during 1975-79 and are pre-
sented in References 4 and 5. These reports, as well as Reference 6, also include
estimates of average cloud-cover statistics for several long-distance airline routes,
Statistics for seven high-density airline routes are presented in Table 1.

In the table, for each route/altitude tand, parameter values are given for: the
number of flights actually in the sample; TICy, the sample average percentage time-in-
clouds for the route; P(TICp < 12), and P(TICg < 5%), the modeled probabilities that
the average time-in-clouds will be below 1 and 5%, respectively; P(TICp > 5%),

P(TICy > 10%2), P(TICp > 25%), and P(TICF > 50%), the modeled probabilities that the
route~average time-in-clouds will equal or exceed 5, 10, 25, and 50%, respectively.
All probabilities are expressed zs percentages.

In an example of using Table I, on the California-Hawaii route, in the 28,500 ft to
35,500 £t altitude band there were 22 flights in the sample, and the route-average time-
in-clouds 1s 9.4%. There is a 52.4% probability of being in clouds for more than 5% of
the route, a 32.5% probability of being in clouds for 10 percent or more of the route,
but oniy an 8.9% probability that one-quarter or more of the route will lie within
clouds. There is only a 1.2% probability that half or more of the route will be in
cloud. 1In the 33,500-38,500 ft altitude band a much larger sample - 177 flights -~ was
available for this route. It is noted that the respective parameter values are all much
lower than for the preceding band. For the 38,500-43,500 ft altitude band there were
only 2 flights in the sample - insufficient data to derive reliable statistics,

Based on these results, conservative estimates of the probable loss of laminar flow
on major airline routes were made. Conservatism was introduced by assuming that all
cloud encounters cause total loss of lamiar flow and that the percentage loss of
laminar flow on a given flight is equal to the percentage of time spent within clcud on
that flight. It was also assumed that no cloud avoidance measures are taken. Figure 3
is an example of the potential laminar-flow loss on some of the major airline routes.

It is now apparent from the results, such as Figure 3, that cloud encounters during
crrise of long-range air transports are not frequent enough to invalidate the large
inprovement in fuel usage attainable through application of LFC.

Surface Conditions

The sensitivity of laminar flow to surface irregularities, especially at high
Reynolds numbers, is well known. The establishment, therefore, of appropriate toler-
ances for the manufacturing and maincenance of LFC airplane surfaces is of principal
importance. The primary types of surface irregularities are waviness, two-dimensional
type discontinuities such as steps and gaps, and three-dimensional type protuberances
suck as rivets, fasteners, and insect debris.

Surface Waviness

The basic criteria for permissible surface waviness are presented in Reference 7.
A simplified relationship in general agreement with Reference 7 was presented in
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Reference 8 as 2 = 59000C cos” 4 for single two-dimensional waves parallel to the
8

A A(Rc) .
wing span. For multiple waves parallel to the wing span, the tolerance limits are one-
third of that for single waves. For chordwise waves, the permissible wave amplitude is
twice as high as for spanwise waves. A quantitative example of permissible wave
amplitude for a representative LFC airplane wing sweep and cruise altitude and Mach
number is presented as Figure 4. These waviness criteria were originally derived for
airfoils with a maximum local Mach number of about 1.04. The current LFC study airplane
designs utilize supercritical airfoils with higher maximum local Mach numbers. Wave
criteria for such airfoils with more extensive local supersonic flow will almost
certainly be more strict. Adverse affects of surface waves under these conditions might
involve: 1) a decrease in local external pressure sufficient to induce outflow of air,
with a3 resultant premature transition, for the design value of internal suction-duct
pressure and flow rate; 2) a change in pressure distrfibution which can influence the
growth of boundary-layer disturbances; and 3) generation of a pressure wave that
reflects to the airfoil from the sonic line which might induce immediate or forward
transition movement in the vicinity of the reflection. Establishment of a general
criterion for waviness on airfoils with large regions of supercritical flow, therefore,
is obviously impossible. Insight to necessary tolerances for each particular airfoil,
suction configuration, and flight condition can be obtained with pressure distribution
and boundary-layer stability calculations using up-to-date computer techniques, as was
done for many cases in this program.

Two-Dimensional Type Discontinuitiec

Tolerance criteria for two-~dimensional type discontinuities are reported in Refer-
ence 8 and presented in Figure 5. Some typical results using these criteria are pre-
sented in Figure 6. The step and gap equations used do not account for distance of the
discontinuity from the wing leading edge. Even with suction, the boundary layer in-
creases in thickness with downstream distance with a resultant decreased sensitivity to
surface disturbances. Figure 7 presents criteria obtained from Reference 7 that account
for distance in a very limited way. Typical results using these equations are presented
in Figure 8. For determination of permissible tolerances, it appears wise to use the
method that predicts the smallest allowables for each type of discontinuity with a unit
Reynolds number at least as large as the maximum in the cruise envelope. Even then, the
tolerance goals used wei. smaller to allow for the probable increased sensitivity of the
boundary layer to surface discontinuities in the supersonic region of supercritical
airfoils and in regions where significant crossflow prevails.

Three-Dimensional Type Protuberances

Use of the transition criterion for three-dimensional type surface roughness Ry .
cr
on unswept wings is reviewed in Reference 9. A low value of Ry . was generally used
cr

in this program (about 200) to provide some conservatism for an indicated adverse effect
of sweep, as previously noted. Some typical allowable roughness heights are presented
in Figure 9.

Acoustics

One of the disturbance inputs that influences the ability to attain laminar flow is
the aircraft's own noise environment. The noise incident upon the airplane surfaces may
be conveniently categorized into three major source groups, as indicated in Figure 10
with their subsources. The major source groups are the airframe noise sources, the
propulsion system noise sources, and the lamirar-flow contro. systems noise sources.
Considerable progress has been made in the last decade rega-ding the understanding and
prediction of airplane noise generation and in improvements to the acoustic criteria for
maintenance of laminar fi-~.

Reference 10 developed general procedures for prediction of noise levels incident
upon the surfaces of future subsonic commerc’al air transports during cruise. A summary
and explicit definitions of these prediction methods are contained in Reference 11.

In the area of acoustic criteria for laminar flow, with the exception of a few
ad hoc experiments on sound-induced boundary-layer transition, the only sets of data
available from an engineering application point of view are those developed during the
X-21 research and development program. The X-21 program data were derived from turbu-
lence-induced transition and, therefore, do not account for the spectrum or direction-
ality of the sound field. 1In Reference 10, the existing criteria were improved with the
use of a semi-empirical method that includes the sensitivity to frequency and direction-
ality. The empirical constant defines the level to which the acoustically-induced
boundary-layer disturbance must amplify before transition starts and varies with the
amount of suction. A quantitative example of results obtained with this method is pre-
sented in Figure 11. For each of five chordwise stations, the critical sound pressure
level spectra are presented for sound incident on an airfoil in the same direction as
the mean flow, i.e., sound directionality of 0°. The sensitivity of critical SPL to
noise frequency is evident. This frequency sensitivity was not apparent, of course,
from the spectrally integrated X-21 criteria, which are superimposed on Figure 11.
This comparison indicates that sound pressurc levels may exceed the X-21 criteria values
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except 1n rather limited ranges of noise frequency where boundary-layer disturbances are
most amplified. Other results in Reference 10 indicate that the amount of boundary-
layer suction and the suction distribution affect not only the depth of the critical SPL
spectrum but also the critical frequency and the critical region along the chord.

Operations
Effects of Off-Design Flight Conditions

During crulse, a transport airplane usually flys at a constant altitude until
sufficient fuel has been used to allow the cruise altitude to increase by an increment
of usually 4000 ft., The design lift coefficient is that required for the initial cruise
altitude. As fuel 1s burned, the C; decreases from the design value until the step
climb returns 1t to the design value. An indication of the effect of lift coefficient
on the chordwise pressure distribution and, more importantly, on the required suction
velocity distribution is presented in Figures 12 and 13, respectively. The burn off of
fuel with a reduction in C; during constant-altitude flight causes no problem for the
suction system, Cruise flight at lower than design Mach number, however, should be
avoided because the increase in required C; (Fig. 14) causes a large penalty in suc-
tion (Fig. 15).

Effect of Loss of Laminar Flow on Flight Characteristics

An example of chordwise pressure distribution normal to the leading edge at design
flight conditions and with the design chordwise extent of laminar flow is presented in
Figure 16 as the solid line. 1If laminar flow is lost, the section lift coefficient at
the original angle of attack decreases about 20% (dashed line). To maintain a constant
lift coefficient, the angle of attack must increase about 0.8° (solid line with
circles). The pressure distribution indicates formation of a shock on the upper surface
which would adversely affect the ability to restore laminar flow when the cause of the
initial loss of laminar flow is removed. A small deflection of a 15% chord trailing-
edge flap, however, was found to be adequate to maintain the local lift coefficient with
no change in angle of attack and no formation of upper-surface shock (Fig., 17). Such a
segmented trailing-edge trim flap can, therefore, be used satisfactorily to compensate
for any local disruption of laminar flow in flight.

Effect of Loss of Laminar Flow on Airplane Range

An area of concern frequently expressed regarding the viability of LFC transports
is the ability either to reach the scheduled city-pair range in event of loss of laminar
flow or to return safely to the point of origination or to an alternate airport. The
airplane design studies of this program and associated economic benefits and costs in-
cluded allowances for increased reserve fuel as compared with turbulent airplane re-
quirements. Assumptions and results for one of the airplane designs studied follows.

For the 6500 nm1 study airplane, fuel reserves vere increased above the inter-
national fuel reserve requirements to 1) permit loss of laminar flow due to weather
phenomena during 6% of the mission cruise time; 2) permit flight against a 50-knot wind
and allow for fuel efficiency variations with a 2% fuel penalty; and 3) increase the
200 nm1 diversion distance included in the international reserves to 390 nmi (6% of the
design range). With these modified fuel reserve assumptions, Figure 18 presents the
sensitivity of range to intermittent loss of lami-ar flow for the basic design point
takeoff weight, payload, cruise speed, and cruise altitude. With no laminar loss, the
attainable range is 6550 nmi. With a 50% loss of laminar flow, similar to complete
laminar loss at the critical wid point of the 6500 nmi mission, if no prior loss of
laminar flow had been suffered, a range of 5800 nmi is attainable. After use of the
diversion-distance fuel allowance, only a small part of the 10% contingency fuel reserve
(equivalent to more than 600 nwi for this airplane) would be required to reach the
original destination. Considerable flexibility exists, therefore, in establishment of a
revised flight plan, if desired. Also, more of the range reduction may be recovered by
revigion of cruise Mach number and altitude to more fuel-efficient values.

Effect of Fuel Cost on Direct Operating Cost

Each of the study LFC airplanes of the present program used approximately 20% less
fuel than advanced turbulent airplanes designed for the same payload/ range missions.
The benefit of the fuel savings in terms of reductions in direct operating costs
depends, of course, on the cost of fuel. An example of the sensitivity of DOC reduction
due to LFC as a function of fuel cost is presented in Figure 19 for an airplane with
laminar flow to 70% chord on both surfaces and for one with laminar flow to 85% chord on
the upper surface only. The economic benefit of LFC increases rapidly with rising fuel
costs for either design approach.

LFC System Operation

The in-flight operation of an LFC airplane differs from turbul ‘nt airplanes by the
addition of a leading-edge protection system and a boundary-layer air suction system,
Operation of the leading-edge protection system is limited to ground operation during
takeoff roll and the initial portion of the climb (to about 5000 ft altitude) and during
final descent and landing. The suction system is designed for laminarization during
cruigse cnly and, therefore, will be operable only at and near cruise speed and
altitudes. Both systems will be automated to the extent that actuation of a single
control would be required for in-flight operations.
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AIRCRAFT DESIGN TRENDS AND REQUIREMENTS UNIQUE TO LFC
Suction Requirements

Laminar-flow airfoils for transport aircraft have two principal types of .oundary-
layer instabilities to consider in their design in determination of the amount of suc-
tion required to maintain laminar flow. In the leading- and trailing-edge regions of
swept wings (regions of strong favorable and adverse pressure gradients), there are
disturbance modes which are sensitive to the strong crossflow velocity profile. This
type of instability is characterized as inviscid because the instability results from
the presence of an inflection point in the crossflow profile. This condition causes
formation of crossflow vortices which have their axes in the streamwise direction and
which rotate in the same sense. The second type of instability on a swept wing, known
as a Tollmien-Schlichting wave, has a direction of propagation close to the local
boundary-layer edge flow direction and under certain conditions exhibits viscous insta-
bility. Tollmien-Schlichting waves are sensitive to Reynolds number and the shape of
the mean velocity profile. Tollmien-Schlichting disturbances generally occur in the
mid-chord region where the pressure gradient is flat or slightly adverse. A third type
of instability mechanism which can trigger turbulent flow on swept wings is leading-edge
turbulence contamination which is caused by disturbances that propagate down the wing
leading edge along the attachment line, This type of instability can be controlled by
proper treatment of the inboard leading edge, such as concentrated local suction in the
attachment line region or tailoring of the leading-edge radius, and will not be dis-
cussed further in this paper. Taylor-Gortler instabilities, associated with surface
concavities, did not ¢xist in the laminarized regions of this study.

Figure 20 illustrates the regions where the crossflow and Tollmien-Schlichting
types of disturbances predominate and shows how suction applied in the proper amount can
control the disturbance growth rates to prevent their exceeding an allowable amplifica-
tion rate. The design process (Fig. 21) generally involves development of an airfoil
shape which has the desirable pressure distribution and use of an advanced transonic
wing code to develop a wing shape with very similar desirable pressure distributions.
The next step is to assume an initial suction distribution based on previous experience
and to use the wing coordinates, suction distribution and design conditions (M, Re,
etc.) to compute 3-D laminar boundary-layer profiles. These profiles are then input
into an advanced boundary-layer stability code where the disturbance amplification
levels are computed and compared to the upper limit allowed (determined from existing
transition criteria). If the stability levels are unacceptable, an iterative process
follows wherein the initial suction distribution is changed and the amplification rates
are recomputed. Once the stability levels are considered acceptable, the suction
requirements are known and the LFC system design can proceed.

To minimize the penalties associated with a laminar-flow suction system and to
maximize the aerodynamic benefits, it is important to minimize the suction flow required
to maintain allowable disturbance growth rates, with a small additional allowance for
conservatism and off-design operation. Excessive suction requirements result in
increased suction drag, larger duct volume requirements, excessive surface suction-slot
or porous-suction regions, and increased aircraft weight. Fortunately, advanced
boundary-layer stability codes, e.g., Reference 12, predict lower suction requirements
than earlier methods.

Wing Sweep

The selection of wing sweep for an LFC aircraft is different from that for a turbu-
lent aircraft. For turbulent airplanes, experience indicates the most efficient designs
for high subsonic cruise spesds involve wing sweep angles between 25° and 35°. For LFC
airplanes, however, sweep has a very powerful adverse effect due to increased crossflow
instability, Increased spanwise turbulence contamination along the front attachment
line, and increased sensitivity of the laminar boundary layer to external disturbances.
A compromise is necessary, therefore, for the LFC airpiane. Figures 22 and 23 from
Reference 13 illustrate the trade relations among sweep, thickness, and relative wing
werght. Figure 22 indicates the outboard wing thickness ratio required to achieve 2
given cruise Mach number as a function of wing sweep angle. The lower sweep angles
desired for easier laminarization require thinner wings which Figure 23 indicates will,
in combination with the lower sweep, increase the relative weight of the basic wing
structure, A sweep of about 25° is required to approach a minimum wing weight for a
long-range cruise Mach number of 0.80. Figure 24 shows results of a wing-sweep trade
study as a function of wing loading. In addition to an increase in airplane gross
weight, decreased sweep also significantly increases the fuel burned but has nc signfi-
cant impact or wing loading or high-altitude cruise trends.

Wing Loading and Aspect Ratio

Definition of the other principal geometric features of the wing first requires
definition of some design criteria. Principal airplane design guidelines for a baseline
airplane wing study conducted in this program included: near minimum airplane direct
operating cost with moderate block fuel penalty; moderate aspect ratio to assure suffi-
cient LFC duct volume and provide adequate design flexibility; and fuel volume in the
wing and wing center section. It is important fire. to review qualitatively the direc-
tion in which the wing loading of a laminar-flow airplane wing tends. At the maximum
value of lift to drag ratio, close to that desired for high-speed cruise, the induced
drag approximately equals the friction drag. For a laminar wing, with its friction drag
lower than for a turbulent wing, it is desirable, therefore, to reduce the induced drag
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relative to a turbulent airplane in order to maximize the laminar benefits. The induced

2
drag D, can be reduced by increasing the wing span b. (Di = (g)//iq as derived from
2
C
D1 = CDiq S = ?%R 95 and W =1L = Cq S). For a constant wing area §, however, which

is attained by decreasing the wing chord C as span is increased, the wing weight
Increases which offsets some of the fuel saved from the lower 1induced drag. If one were
to decreise the chord a lesser amount, thereby allowing the wing area to increase with a
resultant approach to a constant aspect ratic, the increase in wing weight might be less
but the total drag decrease attained from the lower induced drag is reduced by the
increased friction drag of the larger wing area. Because the fricticn drag increase due
to increased wing area is much lower for a laminar wing than for a turbulent wing, the
laminar wing design tends towards an increasa2d span and an increased area and, there-
fore, a reduced wing loading for the same weight,

The following series of figures are quantitative examples of the effects of wing
loading and aspect ratio on the important airplane performance parameters mentioned
previously with consideration given to the important design constraints of FAA field
length limit and fuel volume. The values presented are si.cngly dependent upon the
airrplane design mission and are included only to indicate trends and considerations.

For a given airplane size, the adequacy of available fuel volume 1s best judged with the
parameter fuel volume ratic FVR. This parameter 1s the ratio of available fuel volume
to that required to fly the design mission range with fiel reserves at constant altitude
carrying the full passenger payload. In this study, a value of FVR of 1.1 was chosen as
a constraint for design conservatism to allow a possible increase of required suction
duct volume as the design pro,ressed, Figure 25 gives FVR results for a matrix of air-
planes sized for a cruise altitude of 40,000 £t and a cruise Mach number of 0.8. A
field length limit of 10,000 ft, selected for the airplane designs of this study,is
superimposed to complete delineation of a boundary which defines wing loading/aspect
ratio combinations which are excluded from consideration by the FVR and field length
constraints, Figure 26 indicates that the minimum direct operating cost DOC lies at the
intersection of the fuel/field length limit lines. The variation of DOC with aspect
ratio AR 1s fortunately rather flat at the intersection. After establishment of engine
bypass ratio and cruise power ratio from trade studies, Figure 27 led to selection of a
near-optimum aspect ratio of 11.6 based on DOC, a value that also meets the guideline
for moderate aspect ratio. The near-optimum DOC choice, however, is not the optimum
from a fuel-usage viewpoint, as indicated in Figure 28, Selection of an aspect ratio of
14 rather than 11.6, for example, decreases fuel usage by 6%, The technical risks of
such a choice would be considerably greater and the small portion of total flights that
would be flown at the maximum range with full passenger payload did not appear to
justify use of such a high aspect ratio at the current state of the art of structures
and materials,

Cruise Mach Number and Altitude

The effect of cruise Mach number and altitude on DOC is presented in Figure 29.
Although DOC decreases with increased M, greater wing sweep is required which, as dis-
cussed previously, aggravates the leading-edge spanwise turbuience contamination problenm
and the adverse effects of boundary-layer crossflow instability and external distur-
bances. Increased cruise altitude, with the associated reduced unit Reynolds number, is
very desirable from the point of view of reduced sensitivity of the laminar boundary
layer to all disturbances. The effect of an increase in cruise altitude on DOC,
however, is adverse, as indicated in Figure 2¢. The figuvre also indicates that a
progressively greater DOC penalty occurs as altitude is increased avove 40,000 ft.

Chordwise Extent of Laminarization

The reduction of profile drag by extending the percentage of chord laminarized is
an obYvious way of decreasing fuel usage. The penalties in LFC system weight, cost, and
complexity are less obvious. For practical design of conventional-looking transports,
these penalties are significant enough to limit the chordwise extent of laminarization
to a value below the theoretical ideal of full-chord laminar flow, The following
figures indicate general trends for conventional transport arrangements with chordwise
extent of laminarization but absolute values vary with design mission and aircraft
geometry. The design variation of suction flow with caordwise position, a principal
input to these general trends, is represented in Figure 30.

Figurz 31 illustrates the 1increase in LFC system weight with increasing (X/C)|.
Alrcraft gross welght decreases at first with increasing (X/C); and then increascs
rapidly w.th a further increase in (X/C);. The trend is consistent with the trend of
wing area with (X/C)y and results direccfy from a smaller wing volume available for fuel
when the increased suction ducting volume required toward the rear of the wing is con-
gsi1dered (Fig. 30). A continuously favorable effect of increased laminarization on the
wing and tail profile drag coefficients, the total airplane profile drag coefficient,
and the total airplane drag coefficient is shown in Figure 32. The rate of decrease in
drag coefficient slows as laminarization approaches full chord. When the required in-
crease in wing area is considered for laminarization past about half chord (Fig. 31),
however, the total drag of each component, as represented by Cp S in Figure 33,
reaches a minimum at (X/C);, of about 0.80 and then increases. This drag variation with
(X/C)L along with the airplane gross weight variation with (X/C)L (Fig. 31) result in a
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minimization of both block fuel and direct operating cost (DOC) at an aft position of
laminarization considerably ahead of the trailing edge - in the order of 80%C for
minimum block fuel and 70%C for DOC, depending upon the fuel price (Fig. 34). As a
result of these trends and other considerations, each contractor involved in these
studies elected to terminate laminar flow considerably ahead of the trailing edge.

Limiting Laminarization to Upper Surface

Because of the difference in skin friction between the upper and lower wiig sur-
faces due to the differences in local velocitiz2s, it is possible to obtain neirly the
same drag reduction by laminarization of only the upper surface to 80% chord as can be
obtained by laminarization of both surfaces to 70% chord (Fig. 35). This is an inter-
esting approach to application of LFC which provides significant simplifying advantages
that compensate for the higher drag coefficient. Conventional access panels to wing
leading- and trailing-edge systems and fuel tanks can be provided for inspection and
maintenance purposes without disturbing any LFC surface. Laminarized surfaces in areas
susceptible to foreign-object damage are eliminated. The possiblility of fuel leakage
into the LFC panels and ducting is avoided. The initial cost and maintenance costs are
reduced. A shield for contamination avoidance can be deployed forward of the wing lead-
ing edge which can be retracted into the unlaminarized lower surface when not required.
The contamination-avoidance shield will be discussed in more detail later.

CURRENT DESIGN APPROACHES
Leading-Edge Protection Systems

Questions are continuously raised about the significance of airborne insects on the
practicality of attaining and retaining laminar flow in flight, Are insects really a
problem for transport aircraft? If so, isn't that sufficient reason to dispute the
practicality of laminar-flow concepts? Is there any effective method of eliminating the
adverse effects of insects if they are, in fact, significant?

With respect to the first question, the degree to which insects may be a problem
varies with geographic location, season of the year, and local atmospheric conditions.
The fact that insects do, in fact, adhere in the wing leading-edge region is evident
from observations of transport and other aircraft as well as from some flight tests with
a Jetstar airplane made specifically for this purpose in this program. Figure 36 pre-
sents the maximum height of insect accretion permissible in the most sensitive regions
near the wing leading edge for no premature boundary-layer transition at a cruise Mach
nunmber of 0.8, as obtained for unswept wings from Reference 14. It is possible that
even these low values may be somewhat optimistic in that a limited amount of data
indicates an aggravating effect of wing sweep on permissible roughness (Ref. 13).

The favorable effect on permissible height of increased cruise altitude is indicated.

A conservative assumption was made in this program that insect accumulations could
be significant, ar least for some seaszns and geographical locations, so that efforts
were made to develop practical means for alicviating the adverse effect. Results to
this point in time are quite encouraging. The first part of the program involved flight
tests at the NASA-Dryden Flight Research Facility with a Jetstar airplan under airline
operating flight conditions. The Jetstar was instrumented to detect transition on the
outboara leading-edge flap and equipped with a system to wet the leadirg edge in flieht
(Fig. 37). The significant results were: use of superslick or hydrophobic coatings
does not offer a complete solution; low cruise temperatures and high cruise Mach numbets
are ineffective in a hoped-for erosion of accumulated insect residue; wetting the wing
leading-edge region during insect encounter is effective in prevention of insect accuma-
lation although washing the surface after insect accumulation did not sufficiently re-
move the residue (Ref. 15). Follow-on wind-tunnel tests (Ref. 16) of liquid ejection
through a combination liquid ejection-air suction slot system indicated an effectiveness
of surface wetting in prevention of insect adhesion to the surface (Fig. 38). Use of a
freezing-point depressant 2s the wetting fluid provides the dual function of anti-icing.

A second leading-edge protection approach offering promise was developed for the
LFC concept with laminarization of the upper surface only (Ref. 17). In this case, a
retractable shield is used as the primary contamination avoidance device. The shield,
which also serves as a leading-edge high-1ift device, provides line-of-sight protection
of the wing leading edge from insect impingement (Fig. 39). A supplemental freezing-
point depressant is sprayed on the wing upper surface to provide an additional precau-
tion against insect adhesion and to provide protection against icing. Insect trajectory
analyses and wind-tunnel tests indicate complete shielding of the upper surface during
climb and other high angle-of-attack conditions. The supplemental spray is required to
shield against small insects during operation at low angles of attack such as during
take-off roll and descent. Flight validation in simulated airline flight profiles will
be accomplished for both of these approaches to alleviate the potential insect-
contamination problem (Ref. 18).

Suction System

The objective of the suction system is to maintain laminar boundary-layer flow
through an efficient removal of part of the low-energy boundary-layer air on the sur-
face. The system design must satisfy the stringent requirements for surface smoothness
and waviness, must be compatible with production-environment manufacturing procedures
and with in-service inspection, maintenance, and repair capabilities, and must provide a
high degree of reliability with imposition of minimum airframe weight and cost
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penalties. The basic elements of the system include the suction surface through whicn
the air is sucked, a system for metering the level and distribution of the ingested
flow, a dicting cystem for collecting the flow, and pumping units which provide
sufficienc compression to discharge the suction flow at a velocity at least as high as
the airplane velocity (Fig. 40).

Although the schematic of Figure 40 illustrates the use of multiple slots, the
suction surface may be also fabricated with a porocus material or perforated. Early
studies of numerous met!ods of fabricating porous surfaces using varicus materials
failed to yield surfaces that could be satisfactory for both structural and aerodynamic
requirements. The program then concentrated on development of surfaces with multiple
spanwise slots and with perforations. Very careful design analyses are required for
either of these surface types because of the nonuniformity of required suctior over the
cherd and span of a wing, in combination with external variations in surface pressure.

Multiple Slots

Slot Configuration Considerations The design of multiple sucticn slots must pro-
vide Tlou characteristics that are predictable, stable, uniform along the length of the
slote, and free from flow disturbances that would interfere with laminarization.
Criteria for slot design developed to meet these requirements are reported in Refer-
ence 7. Figure 41 defires the design criteria and a brief description follewe. The
goal for the parameter 2 , the ratio of the slot width to the sucked height, is a range
from 1.0 to 1.4. These approximate limits are indicative of slot stability but may be
exceeded up to a value of about 2 1f the minimum slot width is limited by fabrication
considerations. It 1s desirable to maintain the ratio of the velocity in the boundary
layer at the sucked height to the velocity at the edge of the boundary .ayer U,/U, as
low as practicable (< 0.3) to limit the influence of suction on the flow outside tﬁe
sucked boundary layer. The value of 8, should exceed approximately 0.0075. For lower
values, separated flow from the forward slot lip may not reattach in the slot with a
resultant undesirable desstabilizing oscillating flow. The reader should be aware that

sone references define 38, as é%— rather than ag—. The value of Cps should exceed
W W

appresimately 0.02 to provide sufficiently uniform flow along the slot and to damp out
disturbances from metering holes and acoustic disturbances beneath the slot. The sloc
Reynolds number R, is based on the slot width and flow conditions and is indicative of
slot-flow stability. The lower the value of R, the more viscous and steady the siot
flow and the less susceptible the¢ external flow is to slot and internal disturbances.

An R, less than 100 is the goal.

The criteria parameters are interrelated and dependent upon the influences of
differences in flight conditions. An analysis of the governing equations of each design
criterion (Ref. 16) indi:ated that 84, Wz, C,o, and Uz/Ue could ail be expressed
in terms of slot Reynolds number Ry, and slot w?gth w, and properties associated with

i a specific chordwise location X/C. Evaluation of slot spacing 4Cy requirements for
distributed suction indicated that spacing could be expressed in terms of only R, and
the local distributed-suction rate. A plot of the limiting values of the design crite-
ria, therefore, could be made in terms of R, as a function of w for each X/C and a
plot of the corresponding slot spacing in terms of K, as a function of aCy for each
X/C could be constructed. A sample plot of this very useful interrelationship of the
design criteria and slot spacing is shown in Figure 42,

In this sample figure, the upper point within the design boundaries is more favor-
able from construction considerations than the lower point in that a fewer number of
wider slots is required. The lower point, however, is not as close to the U,/U, limit
and, therefore, is preferable from the performance viewpoint. The final design process
involves compromises between the production and performance considerations as the range
of cruise design and cruise off-design conditions and wing locations are considered.

Wing Box A crucial concern in the definition of a practical production LFC trans-
port Ts the wing structural design. Initial stndies were performed (Refs, 13, 16, and
17) to define future LFC transports and the rcquired systems. Structural slotted con-
cepts were selected, and structural, flow and enviconmental testing were performed to
establish concept feasibility (Fig. 43). Structural components were subjected to light-
ning strikes, corrosion, impact damage and icing. Other tests included moisture expo-
sure, fatigue, residual strength, and compression tests, Figure 44 illustrates there
were no significant problems with lightning strikes, corrosion, foreign-object damage
and icing. Repair techniques with hand-held tools were developed., These tests demon-
strated the feasibility of manufacturing slotted LFC panels within the permissible
step/waviness tolerances and developed the needed manufacturing technology for thick
graphite/epoxy structures, Considerable effort was devoted to developing methods for
‘ producing slots 1in titanium skins. Methods evaluated included electro-discharge

j machining, electron-beam cutting, w.ter jet, laser, chem-milling and sawing. Tne most
é; consistent slot widths were made with the sawing technique which was selected as the

L

approach in these studies.

‘Egg The slotted wing-box design, illustrated in Figure 45, employs extensive use of
- graphite epoxy {G/E) composite materials. The primary load-carrying structure is thick
H G/E wing skin stiffened with integral G/E hat section stiffeners. Titanium sheet, with

spanwise slots, is bonded to the G/E wing skins. Suction air passes through the slots
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into small plenums molded into the G/E skins and through metering holes to spanwise
ducts formed by the hat stiffeners. At every other rib station, the suction air is
metered into ducts formed by rib caps of truss ribs. The rib-cap ducts penetrate the
front spar web to transfer the suction air into trunk ducts in tha2 leading-edge box.
The trunk ducts collect the suction air into independently driver suction pump units
located under each wing root. Laminar flow is maintainea to 757 chord on upper and
lower wing surfaces.

To evaluate the design, an extensive fabrication and testing program (Fig. 46) was
undertaken that examined materials, adlesives, cure process variables, structural char-
acteristics, and fabrication techniques. Numerous specimens of a materials verification
series (consisting of 68 specimens) have been fabricated and tested. Processes for
fabrication of thick G/E skin panels with up to 40 plies and molded slot plenums were
developed that produced void free laminates with excellent structural properties,
Critical details of the wing surface design were selected for developing manufacturing
procedures. The four specimens selected were (the concept selection series in Fig, 46):
a rib duct to wing surface element: an integral spar cap section; a chordwise splice
joint; and a spar-cap/chordwise splice joint., These specimens were also structurally
tested and confirmed design analyses, Fatigue and compression tests performed on the
concept verification specimens (Fig. 46) verified the structural feasibility of the
design.

For the slotted approach, manufacturing studies, based in part upon the experience
gained in the structural specimen fabrication, was a major effort. The data base
accrued allowed an assessment of manufacturing costs which was used to reassess benefits
evaluated in initial studies reported in Reference 16. A comparison of features of the
slotted baseline LFC aircraft with an advanced turbulent aircraft is presented in
Figure 47. The turbulent aircraft is designed for the same mission as the LFC aircrart
and employs the same technology level. The LFC aircraft has a gross take-off weight
that is 8.5% lower than the turbulent aircraft and burns 21.7% less fuel. While the
acquisition cost is $2.4 million higher per aircraft, fuel usage per year indicates that
the LFC systems cost would be offset in the first six months of operations with annual
fuel cost savings thereafter of nearly $4 million per aircraft, assuming a fuel price of
$1.50 per gallon.

Leading-Edge Box The leading-edge region of a laminar-flow wing represents a
difficult technical and design challenge. The leading edge is subject to insect impacts
(as previously discussed), foreign object damage, erosion, and ice contamination. The
required systems for protection from insect contaminaticn and anti-icing must be de-
signed to perform synergistically with the required suction system in the limited volume
available. These problems are exacerbated by the fact that suction requirements are
large in the leading edge due to the need to control the boundary-layer crossflow insta-
bilities present. These large suction requirements may in turn mean that design crite-
ria are pushed to the limit or exceeded, that slots be closely spaced or that porous
surfaces be designed with special considerations for pressure drop and chordwise
inflow/outflow.

As for the case of the slotted wing-box design, many slotted leading-edge concepts
were evaluated {(Ref. 16). The approach selected evolved as a result of extensive design
studies and development testing, These studies focused on addressing special concerns
associated with systems and structures, including development of leading edge insect/
anti-icing protection systems and development of practical, reliable structures which
meet the more stringent external smoothness and waviness requirements of the leading
edge. Evaluation of the slotted suction-panel designs also included considerations of
suction duct efficiency, weight, cost, integricy, manufacturability and repairability.
Concepts were fabricated and flow tested to evaluate and improve upon configurations of
slot, slot plenum, collector ducts and metering holes. Structural specimens were sub-
jected to tension, compression, bending and fatigue tests. Repairability tests were
also performed. The slotted leading-edge concept selected (Refs. 16 and 19) is illus-
trated in Figure 48 and involves suction through fine spanwise slots (0.004 inch width)
on boch the upper and lower surfaces to the front spar. No leading-edge high-lift de-
vice is required. A 0.016 inch thick titanium outer sheet is bonded to a sandwich sub-
structure of graphite epoxy face sheets with a Nomex honeycomb core. The suction flow 5
is routed through the structure by a combination of slot ducts, metering holes and col- i
lector ducts embedded in the honeycomb. Six slots in the leading edge serve the dual
purpose of providing a protective fluid film for both ingsect protection and anti-icing.

These slots are purged of fluid during climbout and join the other suction slots for
laminarizing the boundary layer in cruise. The feasibility of this concept for pro-
tecting the leading edge against insect residue was verified in wind-tunnel tests as
discussed in an earlier section. Flight evaluation of the slotted leading-edge concept
is currently in progress (Ref. 18).

Perforated Surface

Perforation Configuration Considerations The aerodynamic feasibility of perforated
suction surfac2s at transport flight conditions has not yet been completely established.
The aerodynamic uncertainty regarding perforated surfaces involves the possibility of
premature transition due to introduction of perforation-induced disturbances, which,
based on limited previous data for circular holes, is dependent upon perforation
geometry (diameter, spacing) and suction flow rate in combination with the unit and
length Reynolds numbers.
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Based on previous tests and physical reasoning, the perforation configuration
paramecers that are most significant to the ability to maintain large extents of laminar
flow are: §/d, the ratio of the boundary-layer thickness to perforation diameter, which
should be as large as possible; Ry, a local Reynolds number based on the velocity
through a hole and the hole diameter, which should be as small as possible; and s/d,
the ratio of hole spacing to hole diameter, which should be equal to about 10, Results
of hand calculations based on unswept flat-plate boundary layers for simplicity are
presented in Figures 49, 50, and 51 to indicated principal trends. The ratio é/d |is
plotted against chordwise location from the leading edge of an unsucked flat plate at a
unit Reynolds number of 1 x 106/fc in Figure 49 for perforation diameters of 0.0040,
0.0028, 0.0020, and 0.0014 in, Regardless of suction flow requirements, the decrease of
§/d  near the leading edge is obvious and the need to decrease d is apparent. The
absence of a rigid criterion on the minimum permissible value of &/d led to the con-
cern about the maximum permissible d in the thin boundary-layer region near leading
edges. The hole diameter Reynolds number Ry 1is plotted against suction flow coefti-
cient C, in Figure 50 for the same hole diameters with spacings of 0.010, 0.020, and
0.040 in, These data are cross plotted against hole spacing for two values of Cq in
Figure 51. Figures 50 and 51 indicate that for any given value of C,, as d 1is'de-
creased (as desired for larger §/d), the hole spacing 8 wust be degreased in order to
decrease Ry as desired. Fortunately, this trend is compatible with the previous
experimental determination that a small spacing of the holes with respect to the hole
diameter is required to minimize formation of undesirable vortices at each individual

hole. The previous data indicated that a value of s/d of about 10 should be satis-
factory.

From the preceding trends, it is apparent that to maximize ¢/d and minimize Ry
while maintaining s/d at about 10, it is necessary to minimize hole diameter. The
smallest diameter holes developed in the current program with clean edges and a satis-
factory variation of diameter through the material werr. produced with the electron-beam
technique, Photomicrographs of the selected configura.ion are presented in Figure 52,
Low-speed wind-tunnel tests of this configuration in the critical leading-edge region
yielded laminar flow. These tests were made at a unit Reynolds number of 1.2 x 106/ft
whereas the value for transport flight at 38,000 ft altitude at a Mach pumber of 0.8 is
1.68 x 10°, An increase in unit Reynolds number decreases §/d and increases R for
a given perforation geometry (d and s), both in an adverse direction. Laminar flow
was also attained in the wind tunnel at the lower R/ft, however, with larger perfora-
tions of 0,004 in, diameter, which increases the confidence that laminar flow w1ll be
obtained at the larger flight value of R/ft with the smaller perforations of 0.0026
in., in the leading-edge region. A question still remains as to the possibility of a
continual reinforcement of hole disturbances as suction through holes 18 rontinued
downstream.

Another design consideration that requires careful analysis is that of appraising
the relationships between perforated-surface porosity, the subsurface suction pressure,
and the integrated suction flow rate in regions where the chordwise pressure gradient is
steep, e.g., in the wing leading-edge region. The interrelationships among these vari-
ables are illustrated in Figure 53. The value Q has been defined as the surface
porosity in terms of flow quantity per unit area for a given pressure differential
across the surface.

To prevent outflow of air in any given flute (a condition to be avoided because of
severe adverse impact on transition), the subsurface fluce pressure Pg,, must be equal
to or lower than P), the lowest external pressure over the chordwise extent of the
flute. For the value of Pg,, = Py, a porosity of Q.. is required for the integrated
suction flow rate across the 21uce to be equal to the ?ntegrated theoretical design
value. Yor a porosity greater than Q... the integrated flow rate is greater than the
theoretical value required. More suction than required is to be avoided as indicated in
a previous section., If the porosity is lower than Q,,,, attainment of an integrated
flow rate equal to the theoretical value regquires a sugsurface pressure P lowe.-
than the minimum external pressure Py. For this case, some inflow - rather than z¢:o
flow - occurs at the minimum pressure station 2. This case also gives a smoother s .c-
tion velocity profile than that obtain with more porous surfaces and an increesed
tolerance to external pressure varia. uns resulting from surface contour variatiuas,
spanwise design variations, and off-design conditions.

The chordwise widths of the open flute areas and of the blocked surface areas
affect the porosity--pressure drop-flow rate relationships. For example, an increase in
the ratio of open flute chord to blocked chord necessitates a lower surface porosity so
that the higher pressure drop across the surface required for no outflow (higher
external pressure differential subtended by the flute) will not increase the integrated
flow rate above the theoretical value due to the resultant increase in suction velocity.
A decrease in open-chord ratio, of course, results in the opposite effects.

Surface Panel The selected perforated surface (Ref. 17) was fabricated of
0.025 In. thick GAL4V titanium alloy sheet drilled by Pratt and Whitney Aircraft using
EB-perforating equipment produced by Steigerwald Strahltechnic GMBH in Germany. The
taper ol the holes shown in Figure 52 is a natural outcome of the EB process and
attenuates the possibility of clogging the holes from surface particles, The
Steigerwald chart of Figure 54 confirms that the selected configuration is pushing the
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state of the art with respect to hole size and material thickness and that the hole
production rate is quite rapid. Figure 52 shows that the holes are of true circular
shape at the outer surface., The EB-p2rforated surface was bonded directly to a corru-
gated fiberglass substructure to form a simple LFC glove panel (Fig. 55).

Selection of the final glove panel arrangement was preceded by much fabrication
development and environmental and structural testing. Results indicate that the
EB-perforated titanium glove panel provides a tough, corrosion-resistant, effectively
smooth, and easily cleaned LFC surface that can be worked satisfactorily to strain
levels corresponding to those c¢f an advanced-technology wing structure. This conclusion
is partially based on the types of environmental tests indicated in Figure 56, Examples
of results are presented in Figures 57 and 58, Figure 57 shows the reduction of
porosity of an EB-perforated titanium sheet after a long-duration exposure to a contami-
nating environment cn a building roof near an airport. The original porosity was
completely restored by a simpie steam cleaning from the outer surface with a simple
hand-held steam-cleaning wand., The curves of Figure 58 show that the impact resistance
of the EB-perforated titanium sheet is better than that of a thicker 7075-T6 aluminum
alloy sheet material commonly used for airplane leading edges.

Wing Box The main wing box (Refs. 17 and 20) is formed by internal blade-stiffened
graphite epoxy wiag covers (Fig. 59). Suction panels are gloved to the main wing box
and suction alr collection is external to the wing box. The EB-perforated titanium
sheet is bonded to a fiberglass sandsich panel with a corrugated core forming flutes for
subsurface airflow transfer. The impervious bond areas divide the panel surface such
that perforated-strip suction occurs at the surface. The suction panels are attached to
generally chordwise oriented blades on the outer surface of the wing-box cover. These
blades form ducts for suction air collection into trunk ducts in the leading-edge box.
This collection scheme is advantageous, over for example spanwise air collection,
because the quantity of airflow and the collection distance are such that the ducts can
be compararively shallow with a minimum loss in structural depth, Wing bending
efficiency, therefore, is orly slightly compromised, Behind the rear spar aud in the
leading-edge box, air ccllection is in spanwise ducts. In the development of the per-
forated-surface wing-box concept, emphasis was placed on he structural development of
practical suction panels, as indicated in the previous section. The assumption was made
that sufficient technology for the primary wing structure will evolve from other on-
going programs.

Leading-Edge Box With the selection of suction on the upper surface only, the
elimination of suction systems and the stringent surface smoothness requirements from
the lower surface permits the use of a Krueger leading-edge protection shield and high-
lift device. A principal problem in the design of the leading-edge box was the defini-
tion of a geometry that would provide for both the air suction system and the Krueger
flap in the limited volume available. rigure 60 is a schematic of the selected arrange-
ment (Refs. 17, 21 and 22), Similar to the wing-box region described in the previous
section, the concept for the perforated leading-edge surface is a perforated-strip
approach with about 60% of the surface perforated and about 40% blocked where the skin
bonds to the land area of the corrugated substructure. The suction ducts or flutes
collect the sucked air which is routed to the suction source. Spray nozzies are mounted
on the Krueger underside to supplement the insect-protection capability of the shield or
to provid® a coating of anti-icing fluid i1ur leading-edge icing protection. A system
for purging fluid from the suction flutes and surface perforations is provided, if
required. The leading edge of the shield itself is provided icing protection through
the use of a commercially available ice-protection system manufactured by TKS, Ltd. The
perforated leading-edge concept is undergoing flight evaluation in the same program as
the slotted leading-edge concept (Ref. 18).

Natural Laminar Flow and Hybrid Laminar-Flow Control

While this paper addresses systems for laminar-flow control, i.e., the maintenance
of laminar flow to large chordwise extents by active wall suction, the systems developed
for the leading-edge region are equally applicable for natural laminar-flow and hybrid
laminar-flow-control concepts. More limited regions of laminar flow than that possible
with laminar-flow control may be attainable through design with favorable pressure
gradients over part of the wing (decreasing surface pressures in the direction of the
flow). Adverse cross-flow effects induced by sweep of the leading edge, necessary for
cruise at high subsonic speeds, limit the extent of natural laminar flow attainable.
Recent boundary-layer stability analyses, hcwever, indicate that wing sweep angles up to 4
about 17°, corresponding tc a lower crulse speed than today's transports, may be per-
missible. Verification of the analytical predictions is being pursued in a flight-test
program of a natural laminar-flow airfoil incorporated in partial gloves on the wings of
a variable-sweep airplane. Results wil. help define the types of airplane for which
natural laminar flow may be feasible. For any type, smoothness of surface finish and
contour must be provided ac well as leading-edge protection from insect-residue and ice
accumulation, as in the case for laminar-flow control.

A combination of the principles for laminar-flow control and natural laminar flow
may find application to large high-speed transports (Fig. 61). Suction in the leading-
edge region, where the cross flow due to sweep is large, may be used to control the
cross-flow disturbances, and favorable prrssure gradients, not large enough to induce
unacceptable cross flow, may be used aft of the %tont spar to maintain natural laminar
flow to the vicinity of midchord (Ref. 23). Such a hybrid approach may provide more
extensive laminar flow than possible with natural laminar flow at high sweeps, and has
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the advantage of avoiding the complexities associated with providing suction in the
region of the wing torsion box where fuel i{s stored, Analysis uof the feasibility of
this hybrid concec: is underway.

CONCLUDING REMARKS

Results of this program to date indicate that LFC configurations utilizing either
slotted~-surface or perforated-surface structural airangements should result in practical
LFC transport aircraft that provide substantial reductions in fuel usage and direct
operating costs as compared with equally advanced turbulent configurations. Continued
efforts are necessary for further development of efficient LFC structures and for flight
validation of LFC reiiability and economics under realistic operating conditions,
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TABLE 1 .- PROBABILITY OF ENCOUNTERING VARIOUS LEVELIS OF AVERAGE CLOUDINESS
ON SEVEN LONG-RANGE /IRLINE ROUTES, AS ESTIMATED FROM A GAMMA
PROBABIL (TY DISTRIBUTION

Code: No, of flights PITIC, > 5 %), »
‘PICR, L] P(TICF > 10 %), %
P(TICF <1 4%), & P(TICF > 25 %), s
P(TICF <S5%), % P(TICF 250 8), %
Altitude, kft
Route 28.5-33.5 33.5-38,5 38.5~-43.5
Californmia - 22 52.4 177 37.2 2
Hawail 9.4 32.5 5.5 17.4
17.3 8.” 24,7 2.1
47.6 1.2 62.8 ~0
East Coast - 3 58 46.2 13 14.0
West Coast (USA) 7.5 25.9 2.4 2.8
20.1 5.3 41.3 ~0
53.8 0.4 86.0 =0
West Coast - 6 53.8 26 16.9 26 17.8
Northwest Europe 9.9 34,0 2.7 4.0 2.8 4.4
16.7 9.9 38.6 0.1 37.7 0.1
46.2 1.4 83,1 ~0 82,2 -0
East Coast ~ a8 52.1 99 47.7 24 234
Northwest Europe 9.3 32.2 7.9 27.4 3.4 7.1
17.5 8.7 19.5 6.0 33.5 0.3
47.8 1.1 52,3 0.6 76.9 «0
Australia - 16 49.4 20 5.0
SE As:a 8.4 29.2 8.9 3c.9 No
18,7 7.0 18.0 7.9 data
50.6 0.7 49.0 0.9
West Coast - 4 3 26.2 14 12.1
Japan (westbound) 3.8 9.1 2.2 2,1
31.3 0.5 43.5 =0
73.8 ~0 87.9 =0
Yegt Coast - 12 51.0 29 24.7
Japan (eastbound) No 8.9 30.9 3.6 8.1
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49.0 2.9 75.3 =0
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Figure 20. Schematic of effect of suction on
crossflow and Tollmien-Schlichting
disturbance growth
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Figure 21. Block diagram of LFC wing design methodology
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® ADVANCED TECHNOLOGY AMMFOIL SECTIONS
. @ ADVANCED TECHNOLOGY AIRFOIL SECTIONS -
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Figure 22. Relationship between wing thickness Figure 23. Relationship between relative
and wing sweep wing-box weight and wing sweep
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1881 W/S = 112.5 LB/FT2
ALTITUDE = 40,000 FT
MACH NO. = .80
BPR = 8.4
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Figure 28. Sensitivity of block fuel to aspect
ratio
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L.E. UPPER SURFACE
WITH TOTAL HEAD TUBES.

WITH WATER SPRAY NOZZLES

Figure 37. Leading-edge contamination flight test

* 30 deg. swept model

* Insects 1njected into freestream
*Velocities up to 154 kts.

e Angle-of-attack to 15 dag.
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Figure 39. Leading-edge Krueger/insect shield
analyses and wind-tunnel tests
prevented insects from adhering

Figure 38. Swept wing wind-tunnel model for
evaluation of liquid dispensing
through slots for protection of
leading edge
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Figure 41. Slotted-surface schematic and

Figure 40. Schematic of basic suction system elements design criteria
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Figure 43.

Evaluation tests of slottedesuction concept

e TS

PR




T

424

® CONCEPT WITHSTANDS LIGHTNING STRIKE,
NO CATASTROPHIC FAILURE, SURFACE

REPAIRABLE

PROBLEM

& CORROSION, ICING, LOW TEMP. NO SIGNIFICANT

® FOREIGN OBJECT IMPACT ONLY A PROBLEM
OVER A SLOT (UNSUPPORTED TITANIUM SKIN)

¢ DAMAGED SLOT CAN BE REPAIRED TO ORIGINAL
CONDITION USING HAND HELD TOOLS

o DEMONSTRATED FEASIBILITY OF MANUFACTURING
LFC PANEL WITHIN PERMISSABLE STEP/WAVINESS
TOLERANCES

® DEVELOPED MANUFACTURING TECHNOLOGY FOR
THICK GRAPHITE/EPOXY STRUCTURES

Figure 44.
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SLOT PLENUM

™ 80X sucTION SLOT

Figure 45.

Siotted wing-box design
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Results of structural development of slotted-suction concept
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Figure 46. Slotted wing-box fabrication and
testing program
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ADVANCED
TURBULENT LFC % CHANGE |
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Figure 47. Comparison of a slotted LFC aircraft sxmﬁmw)s"m DUCT (FIBERGLASS)
with an advanced turbulent aircraft .
Figure 48. Slotted leading-edge box design
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diameter ratio with chordwise position
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Variation of perforation diameter
Reynolds number with suction flow
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Figure 50.

HOLE SPACING, &, in.
Figure 51. variation of perforation diameter
Reynolds number with perforation spacing
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HOLE DIA.» .0020°
SPACING = .028°

Photamicrographs of electron-beam
drilled perforations in 0.025 inch
thick titanium sheet

Figure 52.

e RANGE OF MANUFACTURING APPLICATION

-—== EXTENDED APPLICATION RAN"E OF THE
TECHMIQUE
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Figure 54. Electron-beam drilling speeds

STRUCTURAL and BOND STRENGTHS
o  SALT SPRAY EXPOSURE
¢ HUMIDITY EXPOSURE
o -60°F to 180°F TEMPERATURE EXTREMES
¢  PRIMED and UNPRIMED SURFACES

FOREIGN OBJECTS DAMAGE TOLERANCE
o IMPACT TESTING

ELECTRICAL PROPERTIES
¢  LIGHTNING CURRENT TRANSFER TESTS
¢ 105 KA RESTRIKE TESTS

CONTAMINATION and CLEANING CHARACTERISTICS
o AIRPORT EXPOSURE TESTING
® GLYCOL CLEANING TESTS
o  STEAM CLEANING
¢ RAINEROSION

Figure 56. Evaluation tests of perforated suction
concept
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Figure 55. Electron-beam perforated surface
glove panel
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Figure 60. Perforated leading-edge box design
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Figure 59.
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Figure 61. Hybrid laminar flow control wing concept
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TURBULENT DRAG REDUCTION FOR EXTERNAL FLOWS

D. M. Bushneil”
NASA Langley Research Center
Hampton, VA 23665

ABSTRACT

Paper presents a review and sutmary of turbulent drag reduction approa ‘hes appli-
cable to external flows. Because relatively recent and exhaustive reviews ¢xist for
laminar flow control and polymer (hydrodynamic) drag reduction, the paper focuses upon
the emerging areas of non-planar geometry and large-eddy alteration. Turbulent control
techniques for air generally result in modest (but technologically significant) drag
reductions (order of 20 percent or less) whereas hydrodynamic approaches can yield drag
reductions the order of 70 percent. Paper also includes suggestions for alternative
concepts and optimization of existing approaches.

NOMENCLATURE

a land width for micro air bearings

C chord

Cp drag coefficient

Ce local skin friction coefficient

Cp area averaged skin friction coefficient

D total drag

pive/friction factor

p-v ° U.

(ol vf Tc /21

device height

Mach number

longitudinal radius of curvature

chord Reynolds number

gas Reynolds number

body length Reynolds number

Reynolds number based upon local arface distance

morentum thickness Reynolds number

riblet transverse wavelength

slot height 1/2

'sU_/v) (Cf/2)

longitudinal and normal velocity components

curvilinear coordinates aleng and normal to the surface,
respectively

downstream surface distance

boundary layer thickness

loading ratio

mementum thickness

wavelencth

kinematic viscosity

density

»
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Subsc: ipts

gas

slot flow

reference flat plate condition
pressure drop

gas + soliads

wall value

free stream
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INT. ODUCTION

Previous cesearch on "form" or "pressure" drag reduction and roughness controu
decreased the zero-lift Avag coefficient of most air and underwatec bodies to very low
values (nearly that of attached viscous flow). 1In fact, ¢:iin friction reduction is
currently ccnsidered « mejor "barr_ec Problem" to the further optimization of most aero-
dynamic and hydrodynamic bodies, wnetier platforms or weapons. Viscous drag accounts
for (a) approximately 5C perc:ont of CTOL aircrart and surface ship drag, (b} the order
of 70 percent of the drag for most underwater bodies, and (c) nearly all of the pumping
power for long distance pivelines. Typical be efits resulting from a sizable reduction
1n viscous drag include design options for (a) longer range, (b) reduced fuel volume/
cost/weight, and (c) 1increased speed. As an example, a 20 percent reduction in fuselage
skin friction drag for the U.S. CTOL civilian aircraft transport fleet translates into a
yearly fuel saving approaching 400 million dollars. This estimate does not include
additional savings and increased performance from cither DOD or surface ship/pipeline

*Head, viscous Flow Branch, High-Speed Aerodynamics Division
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applications. Therefore, the "leverage®” 1in this area of research (viscous drag reduc-
tion) is quite considerable and justifies the study of"unusual,” or "high risk"
approaches on an exploratory basis, e.g., "so little is known about the nature of turbu-
lent boun.ary layers, and so much benefit would accrue to aviation from a reduction in
turbulent skin friction, that all avenues for its reduction should be thoroughly
examined” (Ref. 1),

A basic gquestion concerning skin fraiction reduction is whether the "unmodified"
viscous flow over the bulk of the body is laminar or turbulent. Three problem regimes
can be readily identified. 1In the first, the body Reynolds number is relatively low
{order of 10° or less) and, 1n the absence of transition "promoters® such as adverse
pressure gradients, three-dimensional flow, roughness, waviness, stream disturbances,
etc., the boundary layer flow is laminar. For this case (Rj < 0(106)) the viscous drag
reduction problem is one of reducing laminar skin friction.,  Applicable tecnniques
include (1) reducing the tangential momentum accommodation coefficient, e.g., introduc-
ing a slip velocity at the surface (Ref. 2), (2) use of convex longitudinal curvature
(Ref. 3), (3) adverse longitudinal pressure gradients, and (4) fluid injection through
the wall, Each of these, except for the slip layer (Ref. 4), can be included in design
tradeoffs using state-of-the-art computational techniques. The major difficulties with
skin friction reduction for laminar flows are (1} the consequent increased tendency
toward separation for an already "separation sensitive™ flow and (2) increased probabil-
1ty of transition (for adverse pressure gradient and injection options).

A second problem cegime typically embraces body Reynolds numbers from 1 x 108 to
10 x 10° (or greater). In this regime large portions of the vehicle can be subjected to
transitional flow, anrd th2 obvious drag reduction ploy is to delay this transition pro-
cess for a3 long as possible. Typical techniques include (Ref. 5) (1) wall suctaion,
(2) favorable pressure gradient (on two-dimensional or axisymmetric bodies), (3) wall
heating {(in water) or cooling (in air) and (4) compliant surfares (in water ) (Ref. 6).
These laminar flow control (LFC techniques can be quite successful, with laminar flow
occurring up to Ry = 25 x 10° and even higher (Ref. 7). However, there are residual
questions concerning maintenance and reliability (failure modes) associated with LFC,
exacerbated by the relatively large parameter space of possible transition "spoilers"
(e.g., Fi1g., 1). An extremely important consideration in LFC 1s the occurrence of "unit
Reynolds numbers" in the range of 3 x 10°/ft or less, thereby allowing reasonable rough-
ness tolerances.

The third problem regime concerns bodies with Reynnlds numbers in excess of
10 x 106, e.g., where the boundary layer flow is generally turbulent., This third
problem class includes many applications of technological interest (transport aircraft,
missiles, submarines, torpedoes) and is the principle focus of the present paper. Fig-
ure 2 1ndicates schematically the difference in philosophy (and payoff) between LFC and
turbulent drag reduction, Wings and other appendages (empannage, control/dive plares,
etc.,) may have Reynolds numbers low enough for LFC (and the consequent large local drag
reduction payoff). However, fuselages (which are responsible for approximately 50 per-
cent of the friction drag) are generally at too large a Reynolds number for LFC and
therefore something else, perhaps some alteration of the turbulence structure, 1is usu-
ally required. 1Indeed, the area of turbulent drag reduction could be looked upon as
part of a larger discipline termed "turbulence control.," Historically, the research in
the turbulence control area has focused upor the (perhaps simpler) area of turbulence
amplification, primarily for heat transfer augmentation, separation delay, and increased
combustion efficiency. The opposite side of the turbulence control question is the
present subject of turbulence dimunition or drag reduction.

It is of interest that techniques develcped for turbulent drag reduction can, 1in
many 1nstances, be employed for other purposes such as self-noise reduction (Ref. 8},
cavitation inhibition, increased performance of airborne laser, telescone and IR win-
dows, alteration of hydrodvnamic wave drag (Ref. 9), heat transfer optimization
(Ref. 10), improved hull boundary laver - propellor interaction, flow separation control
in shock-boundary interactions (Ref. 11), and reduction of attached flow form drag
(Ref. 12).

Previous summaries in the area of turbulent drag reduction incilude References 13 to
26. Much of the information in these references concerns "polymers," (or other addi-
tives, see Ref, 27) which are primarily applicable to water (as opposed to air) flows
and can provide large skin friction reductions (up to 0O(70 percent)). In view of the
BHRA review 1n this area (Ref, 17) the present paper will concentrate upon newer (and
generally air-applicable) turbulent drag reduction techniques, such as the non-planar
geometry approaches which first surfaced in the 1979 time frame (see Ref. 18).

The present paper is an update of Reference 22 and summarizes the current state-of-
the-art in the area of turbulent drag reduction for external flows (excluding, as stated
previously, the polymer case), The presentation 1s organized around the influence or
physics of the various approaches, including (1) reduction of near-wall momentum,

(2) alteration of conditions within or upstream of the boundary layer, (3) alteration of
the local wall boundary conditions, and (4) use of a stabilizing body force. Since this
field is evolving at a rapid rate, and in the abgence of a strong theoretical base for

turbulent shear flows, much of what is stated herein concerning (1) drag reduction mech-
anisms and (2) techniques which have not yet achieved actual net drag reduction (experi-
mentally) is speculative, and included primarily as a tentative guide to further experi-
mentation and opti.ization. It should be noted that the internal flo problem, bezause
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of the mass flow constraint, may react quite differently from the external flows
discussed herein., As an example, fluid injection from the surface decreases drag and
excites turbulence fluctuations in external flows whereas surface injection leads to a
higher shear and eventual relaminarization in the fully developed 1internal case

(Ref. 28).

STRUCTURE AND SENSITIVITY OF TURBULENT BOUNDARY LAYERS

Before discussing the various approaches used to control (reduce) turbulent drag,
1t 1s of 1nterest to briefly examine the structure of the turbulence one 1s trying to
modify. A schematic of the typical wall turbulence flow modules 15 indicated on Fig-
ure 3. This information 1s a result of both detailed flow visualization and "condi-
tional sampling" measurements conducted over the past 20 years, particularly at Stanford
Univers:ity (e.g., Refs. 19 and 29-31).

The turbulence production process appears to be composed of at least three differ-
ent scales of motion; a large outer scale (which for low Ry, is evidently the residue of
the Emmors spots (Ref. 32), intermediate scales, sometimes referred to as typical or
Falco eddies with dimension the order of 100 wall units, and a near wall region where
the Reynolds stress 1s produced (in a very intermittent fashion) by a process termed
"bursting." Within the wall region quasi-stationary weak longitudinal (counter-
rotating) vortices exist with an individual dimension the order of 30 to 40 wall units
and an average traasverse spacing of approximately 100 wall units. The wall screak
structures and the intermittent turbulent production eveats (or "bursts"™) in the near
wall region are generally referred to as "coherent structures" in the wall boundary
layer. The bursting occurs randomly in space and time, but does have identif:iable
scales and frequency. The bursts are at least partially induced by the upwelling
associated with the ccunter-rotating wall region vortices (wall gtreaks). Tiurbulence
production, which 1s a violznt ejection of fluid from the wall region, 1s preceded by
the somewhat more gradual formation, at approximately 20 to 30 wall units from the
surface, of an inflection 1in the instantaneous longitudinal velocity profile.

What 1s agreed concerning this turbulence production process 1s the stages, scales,
and frequency of the burst cycle and the presence, scales, and structure of the wall
streaks. What 1s not clear is the origin of the unbiquitous wall streaks, and actails
of the 1inter~relationship(s) between the three (or more) scales involved (outer, Falco
or "typical" and inner regqions).

One approach to the turbulent drag reduction problem 1s to attempt to interfere
e1ther with some ccmponent of the turbulence production cycle (e.g., brecakup the large
eddies, stabilize the irstantaneous inflectional profile, etc.,) or to alter the commu-
nication between the varijus scales. At a minimum, the "coherent structure" information
provides scales and freqtencies which one can use 1n inventing and applying turbulence
suppression concepts., In fact, Liepmann in Reference 33 states, "Probably the most
important aspect of the existence of deerministic structures in turbulent flow is the
possibility of turbulence control by direct interference with these large structures.
Such control could lead to very significant technological advances.”

Narasimha (Ref. 28) indicates that wall turbulence can indeed be altered fairly
easily. "We may conclude by remarking on ‘'How easy 1t appears to be to surpress

turbulence' -- whether you suck or blow, squeeze or bend, heat or cool, or do any of a

vast number of other things to it, turbulence can be destroyed, or at least disabled,
provided the operation is done properly.™ For several years, Protessor Kline of

Stanford has made a hobby of collecting a list of known first order influences upon

turbulent flows (Ref. 34). A modified form of his list is shown on Figure 4 and indi-

cates the large number of possible "knobs"™ one has available when attempting to produce

a net turbulent drag reduction. Many of these influences will be discussed in detail in

subsequent portions of the present paper. Additional possible variables in the turbu-

lence control problem include (a) combinations of influences and their relative phasing,

{b) the rate at which effects are applied or removed (equilii~ium/noneguilibrium turbu-

lence structure), and {c) the length scale of the application (§/10, §, 10§, etc.). It

1s relatively easy, using the 1tems on Figure 4 (or anything which puts a large momentum .
defect into the boundary layer), to locally reduce skin friction (1.e., a separated flow ?
has a negative skin friction). The present paper focuses upon techniques which do (or

might) provide net drag reductions.

TURBULENT DRAG REDUCTION APPROACHES BASED UPON REDUCING THE NEAR WALL
LONGITUDINAL MOMENTUM

Having just, in the previous section, discussed how one may be able to obtain net
drag reductions by suppressing turbulence production, we begin the actual drag reduction
discussions with a series of approaches which generally increase turbulence intensity,
yet reduce local skin friction. These methoc are aimed particularly at altering, by
brute force, the longitudinal velocity gradient at the wall; i.e., drivigg the flow
toward separation. It should be noted that tnese techniques increase ¢ and hence
(unseparated) form drag. In many cases the form drag increase can be greater than the
skin friction reduction,
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Adverse Pressure Gradient

This drag reduction approach is extremely straightforward. When an adverse pres-
sure gradient 1s designed into the body geometry, the flow near the wall is retarded and
the skin friction reduced. In fact, not only 1s C¢ lowered, but so 1s the local dynamic
pressure and therefore the viscous drag force can Ee considerably diminished. The
conventional "end point" of this philosophy 1s the so-called "Stratford Distribution”
(Refs. 35 and 36) where the boundary layer 1s kept quite close to separation over a long
distance. The adverse pressure gradient approach is locally applicable to almost any
body, but severe problems occur when one tries to approach the limit of a nearly sepa-
rated cordition., The most obvious difficulty 1s one of off-design sensitivity; e.g.,
flow separation and consequent large drag increases can easlly occur due to small angle-
of-attack excursions. A "stardby" separation control device could perhaps be utilized
to overcome this off-design difficulty.

Nevertheless, in spite of these problems there have been several applications of
the nearly separnting condition, 1in particular to high performance airfoils (yielding
li1ft-to-drag ratios of ovexr 100 (Ref. 37)) and in diffusers. As stated previously, this
apprvach can be applied locally, and in a moderate manner, to produce a net gain. In
particular, very long wavelength waviness (e.g., waisted body results may produce as
much as a 10 percent benefit (Ref. 23). (Adverse pressure gradient effects will surface
agarn under the subject of "wavy walls."”) The effect of an adverse pressure gradient
upon the turbulence itself is well known, both the rms turbulence intensity and wall
burst frequency 1s increased (Ref. 39) probably due to a biasing (strengthening) of the
instantaneoias near wall inflections discussed previously. However, although the turbu-
ience is 1in fact enhanced, the skin friction drag is reduced.

Wall Mass Transfer

Slot Injection. - This drag reduction approach essentially replaces, for some
distance downstream, the actual free stream velocity which the wall senses by a lower
value imposed by injecting low momentum fluid in a tangential direction at the surface
from a discrete siot (Ref. 40 and Fig. 5)). A simple description of this method 1is the
use of a "wall wake" as opposed to a "wall jet."™ The latter 1s utilized in some high
l1:1ft devices to keep the flow attached. In the present context, the interest is 1in
dr:ving the flow toward separation; hence, the use of a wall wake. The initial skin
friction level and the downstream relaxation rate are a function of the slot velocity
ratio, with lower slot velocities (which use less mass flow) giving lower initial skip
friction but faster recovery (Fig. 6 (Ref. 40)). The lowest surface-integrated skin
friction generally occurs for a slot velocity rat:o in the neighborhood of 0.3 (Fig. 7
(Ref. 40)). Obviously, repeated slots could be used to keep the skin friction low
beyond the influence of the first slot.

The force balance for the slot approach is shown on Figure 8. The major problem
with the slot injection method for drag reduction 1s securing a "low loss"™ source of
arr. Simple sums indicate that a net drag reduction is extremely problematical if one
has to pay free stream intake ram drag for the injected air. There are, however, sev-
eral possible sources of "low loss" air including (a) LFC suction air from the wings and
empennage, (b) fuselage relaminarization suction air (discussed 1in a later section of
the present paper), (c) (passive) bleed awir for separation control (discussed in connec-
tion with "convex curvature" effects and in Ref. 41, (d) mass flux from local suction
within the boundary layer (also discussed herein, however, much more speculative than
some of the other sources mentioned), and (€) mass injestion at the leading edge of
transonic wings to allow thicker, more efficient sections. Figure 9, (Ref. 42), inda-
cates the computed C¢ distribution over a transport fuselage resulting from the injec-
tion, through a singfe slot, of LFC (wing and empennage) suction air, Note that Ce can
be reduced where the unmodified levels are the highest (forward portion of the
fuselage).

There is a strong possibility that the drag reduction efficiency of the slot injec-
tion method can be further =nhanced. The extent of the low skin friction region is
dictated by the rate of mixing in the shear layer between the slot and boundary layer
flows. There exists a rapidly developing technology involving the control of such tur-
bulent free shear layers (e.g., Refs., 43-45) which could be applied to the slot problem
and which may result in up to a factor of two increase in surface area exposed to the
lowest skin friction levels. Also, pulsed injection could perhaps be utilized to reduce
the mass flow requirement for a given drag reduction (ref., 46},

Distributed Normal Injection. - This approach also involves mass injection from the
wall, but in this case the injection occurs apprcximately normal to the surface in a
distributed mannar (porous or perforated gecuctry). Obviously there exist possibilities
for situations i1n-between the slot (tangential, highly localized) and wall or distrib-
uted (normal, continuous) injection. Calculations (Ref. 47) indicate that a surface
with quite discrete normal injection is nearly as effective as the distributed normal
injection case.

The amount of drag reduction obtainable from distributed normal inzection is indi-
cated on Figure 0 (Ref, 48). The basic problem with this technique is the same as for
slot injection, a low loss source of air is reguired. The possible air sources men-
tioned in connection with slot injection could also be employed for the continuous, nor-
mal injection case. However, research in Reference 49 indicated, on the basis of amount
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of drag reduction per pound of 1injected air, that slot injection can be more efficient
than normal injection. This may be at least partially due to the injected air thrust
recovery obtainable in the slot case (see Fig. 8). As an aside, Soviet studies of a
system with alternating regions of suction and injection (which requires no net mass
addition) indicate net drag increases (Refs. 50, 51).

The influences of normal injection upon the mean and turbulent velocity fields are
somewhat similar to those of adverse pressure gradient. The near wall mean longitudinal
velocity profile can become highly inflected near the wall and the turbulence intensity
increases (e.g., Ref., 52).

Ion Wind

This technique 1s quite new with 1nitial exploratory studies docunented 1in Refer-
ence 53, The basic concept 1s to attempt to "turn around” a phenomenon which has been
known for many years (Ref. 54). If one places electrodes above a boundary layer and
creates a corona discharge between the electrodes and the plate, it is possible to
induce, due to the non-uniform electric field near the electrodes, a mean molecular
motion directed away from the electrodes and toward the plate. The experimentally
observed effects of such an electric wind upon the boundary layer are what one would
expect, the boundary layer 1is thinned and convective heating (and presumably skin
frition) 1s increased (e.g., Refs. 55 and 56). Also, transition can be delayed
(Ref. 57). The literature in this area is quite extensive. Only a very small ion
concentration 1s required to init:iate the corona (or glow) discharge and reasonably
large mean velocities (several meters/sec) can be induced. However, sharp electrodes
(which stay sharp) are necessary.

In all of the previous ion wind research, the electrodes were placed above the
plate. 1In the present context of drag reduction, the ion wind 1s studied with a
reversed geometry, the electrodes are placed on (1n) the wall (Ref. 53)., If the dis-
charge is either to space (virtual ground) or to a ground on the wall farther down-
stream, the electrostatic body force in the normal momentum equation should induce a
larger mean normal velocity in the vicinity of the wall. As there is no net mass
transfer thourgh the surface, this larger mean normal velocity can only appear at the
expense of the average longitudinal velocity component and therefore one might reason-
able expect scue drag reduction. The fact that the ion wind is induced in the wall
region, whire the longitudinal velccity is lower than the external value, may increase
the Mach number range over which the ion wind velocity is of sufficient magnitude to
affect the fiow (Ref., 55).

In the present, very early, stage of the 1on wind drag reduction studies, all that
is known for certain is that there are many potentially seriocus questions and some
intriguing possibilities. The questions (or critical issues) include (a) the amount of
power required to produce a measurable drag reduction, (b) possible destabilization of
the turbulence due to the discrete electrode spacing and the inherent pulsing of the
discharge (Ref. 58), and (c) whether a large enough normal velocity can be induced close
enough to the surface to significantly affect drag. The intriquing possibilities
include (a) utilizing the static electricity (streaming potential) which builds up on an
aircraft in flight to furnish some or all of the required electric field (up to 600 kv,
this is now dissipated at discharge points to avoid large scale arcing/ball lighting
(Ref. 59 and 60), and (b) utilization of the polar molecules in the nearly 180 1lbs/min
of cabin flush air to create a corona discharge at lower power (Ref. 61). Favorable
effects of altitude and photo-ionization should also be studied. 1Initial experiments
indicate an exquisite sensitivity to moisture content in the airstream. As of now, the
ion wind is only a possibility requiring further investigation. Also of interest are
related studies of o and g particle injection from the wall (Refs. 62 and 63). This
somewhat similar boundary condition change results ir a swall drag reduction, which may
be due to a mechanism similar to that postulated herein for the ion wind (particle
impacts providing increased normal velocity near the wall).

Boundary Layer "Thickeners"

As stated in a previous section, approaches which increase momentum thickness usu-
ally result in a lower local skin friction level. The basic problem with such methods
include the drag of the device used to thicken the viscous flow and larger § /form
drag. Examples of apparently successful utilization of the thickener approach include
the favorable influence of aircraft length upon viscous drag (the forward portion of the
fuselage increaes the boundary layer thickness so that the drag on the aft end is quite
low) and the swordfish "sword"™ (where the high skin friction region occurs on a portion
of the body with small wetted area (Ref. 6). Recent research in West Germany (Ref. 64)
and previous work by Lang (Ref. 21) suggest the use of an energy extraction device (a
wind turbine) at the front end of the fuselage to thicken the viscous flow (reduce
momentum near the surface). This shaft energy is then transmitted and added to the main
aircraft propulsion system. The e.sence of this approach (Ref. 64) is that the thicken-
ing process should be one of useful energy extraction rather than deleterious drag.
Variations on this same theme, such as small scale transverse shaft turbines placed
within the boundary layer itself have evidently not yet been investigated. The concept
of useful energy extraction for subseguent viscous drag reduction requires considerable
further innovaticn and research.
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TURBULENT DRAG REDUCTION APPROACHES BASED uPON ALTERING CONDITIONS WITHIN
THE BOUNDARY LAYER

The Philosophy for this class of methods is somewhat new. Historically, local wall
region modifications have constituted the favored "approach of choice" for drag reduc-
tion. T.e methcds considered 1in the present group are based upon modification of the
flow 1n the outer portion of the turbulent boundary layer.

Large-Eddy Breakup Devices

Large-eddy breakup devices (termed "manipulators" 1in Ref. 65 and "ribbons" in
Ref. 66), constitute probably the most exciting and promising single recent development
in turbulent drag reduction. The genesis of the large-eddy breakup 1dea is a 1977 paper
by Yagnik and Acharya (Ref. 67). Evidently Yagnik initially suggested such a concept 1in
1968 (Ref. 68). "Hence 1t can be concluded that if a stationary, umpervious, thin bar
1s introduced in an eddy of a fluid of low viscosity, there will be a noticeable change
in the flow, although the diameter of the rod may be small in comparison with the diame-
ter of the eddy." "The constraining effect can be used as an 1nexpensive and highly
effective method of control of vortices."

Simple estimates indicated that net reductions would not be possible with the
Yagnik et al. screen device (see also Refs. 70 and 71) and therefore a search was begun
for a lower drag configuration which would still break up large eddies. Initial tests
1n early 1978 with various sized honeycombs (Ref. 72) indicated that sizabie downstream
drag reductions were possible (with much lower device drag than a screen) but still no
net drag reduction, at least within 50§ downstream. Around this time frame Nagib at
Il1l1nois Institute of Technology, drawing upon his extensive expertise in free stream
turbulence management (e.g., Ref. 73), suggested trying only a very few horizontal ele-
ments. Initial IIT (Ref. 74) and NASA Langley {(Ref. 72) results on such devices both
indicated that the device drag was recovered (from downstream skin friction reductions)
at a distance of approximately 40s. Additional IIT work (Ref. 65) carried further
downstream obtained (1) a net drag reduction of up to 20 percent (Fig. 12) and (2) a
decrease 1n burst frequency of approximately 18 percent. Reference 66 and Langley work
(Ref. 69) obtained more modest net reductions (0(5%)) for essentially the IIT device
geometry (but not at the same chord Reynolds number, which turns out to be crucial).

In the meantime, a "vortex unwinding” mechanism (Ref. 75) was identified as a
probable mechanism to exfplain the apparent success of such few elements (Ref. 72).
Basically, the element could act as a low Reynolds number airfoil on a gusty day. As
the gust (turbulent rotational motion) approaches the leading edge, a starting vortex is
induced which 1s phase locked with, and of opposite sense to, the incoming gust. The
resultant downstream flow therefore contains only smaller scale motions. The IIT flow
visualization (Refs. 74 and 65) 1indicates this expected behavior, the larger outer
scales being much reduced. also, the fact that the skin friction is decreased along
with the outer eddies is strong circumstantial evidence for an outer-to-wall communica-
tion which is of first order importance to the burst cycle.

More recent LEBU work (Refs. 76-87) indicates cconsistent results for the amount of
iocal skin friction reduction (O(20 percent - 30 percent)) produced downstream of a
tandem set of plates, Of particular importance is the observation first made in Refer-
ence 76 that the altered boundary layer relaxes back to undisturbed drag levels in the
order of 1206 downstream of the device. At this point another device would have to be
placed to "do 1t again." On a typical CTOL fuselage 120§ corresponds to the 0(50 ft.).
Of particular interest in the recent work is the realization of the 1importance of having
a high device chord Reynolds number to avoid inordinately high device (separation) drag
(Ref. 83, see also Ref. (88)). The results from Reference 80 indicate up to 25 percent
net reductions are possible for thin devices at high device chord Reynolds number. This
geometry produces minimum device drag and hence greatest net drag reduction. Unfor~
tunately, these thin devices are inefficient for CTOL spplication due to the large
device support drag (vertical supports would have to be placed every few § apart
circumferentially/spanwise). Thicker, flight capable airfoil shaped devices were there-
fore developed at NASA Langley (Ref. 83). These elements are 103 stiffer than the con-
ventional thin plate devices while still providing 8 percent net drag reduction. From
current indications, the higher chord Reynolds numbers associated with flight should
make these devices ever more efficient.

Several drag reduction mechanisms have been postulated to explain the drag reduc-
tion effectiveness of these devices (e.g., Ref. 84), These include (1} blocking effect
of the embedded impervious surface, (2) device mean momentum wake (a portion of which
could i1nduce "negative production" of turbulence, (3) incident turbulence distortion due
to the device average flow field, (4) the unwinding mechanism already mentioned and
(5) the lownstream influence of control vortices shed from the device trailing edge.

The latter is favored in Reference 82. The recent IIT research (Refs. 85, 86) and con-
sistent experimental observations (Ref. 83) indicate that the device (1) affects the
large eddies and (2) acts at the device site, rather than downstream. This suggests a
combination of mechanisms 1-4 above, as opposed to mechanism 5. It should be noted that
preliminary flight tests of LEBU devices have already been carried out (Ref. 87).

Conclusions thus far in the large-eddy breakup device area include (a) thin ele-~
ments are required to keep the pressure drag low (held as tension members rather than
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beams to reduce support strut drag, (b) the element chord should be the order of § with
{c) the height of the outer element the order of 8§ and (d) no more than two horizon-
tal elements preferably in tandem. Thick (Airfoil) devices are probably required for
CTOL application (Ref 83). Also for the R_ ¢ 0(6000) the actual net drag reduction
obtainable from a small number of horizontal elements is dependent upon the particular
transition process of the experiment. This 1s reasonable as,Wygnanski et al (Ref. 32)
and IIT (Ref. 65) suggest that the large eddies for R_ < 10  are the remmants of the
transitional Emmons spots. 8

Aside from drag reduction, there exist several intriguing possible applications for
the "turbulence control" offered by large-eddy breakup devices. These applications
(which should be investigated) include (a) decreased distortion of laser signals beamed
through fuselage boundary layers, (b) lower self noise on hydrodynamic and aerodynamic
bodies, and (c¢) reduction of noise radiation from turbulent eddy-propellor interactions
(also possible increased propulsor efficiency). In addition, these LEBU devices could
probably be employed in conjunction with other drac reduction approaches to obtain
increased overall pevformance (several such combinations are discussed in subsequent
sections of the present paper).

Local Suction Within the Boundary Layer

The only research of this type known to _.u2 author is Reference 89, which was a
study of highly localized suction through an enlarged pitot tube. The results of
Refuerence 89 indicate that quite large suction rates were required to alter the turbu-
lere, but the suction was so localized that the results are not definitive, The
suggestion 1s that exploratory tests might be tried on liarge-eddy breakup type devices
with suction through the leading edge, the lateral surfaces, the trailing edge, or a
combination thereof. There 1s no firm rationale for expecting a net drag reduction; but
since the exper:iment has evidently not yet been tried, 1t may yield some interesting
turbulence control/alteration results. Sreenivasan suggested (at the Drag Reduction
Symposium in Washington, DC, September 13-17, 1982) that control of the v' fluctuation
field 1s probably the most effective means of altering the outer turbulent flew. In
terms of overall efficiency, the v' control offered by large-eddy breakup devices
(impervious sarfaces in the flow) 1s probably more favorable than employing active
suction.

Modification of Emmons Spot Formation

As mentioned 1in connection with the large-eddy breakup devices, there exists some
evicence which indicates that the larger scale turbulent boundary layer motions (at
least for Rg + 6 x 107) may be produced by the transitional Emmons spot production pro-
cess (Ref. 32). Also, observations of turbulence intensity (e.g., Ref. 9C) indicate
higher levels close to the end of transition and, at high speeds, the velocity profile
"N factor" decreases with distance from the end of transition (Ref. 91). Therefore,
there is little doubt that the transitional (Emmons spot production) process can result
in high levels of turbulence activity which slowly decrease with distance once the
Emmons spots have merged (nominal end of transition). If this is the case, then an
obvious turbulent drag reduction approach would be to attempt to alter these transi-
tional spots in their region of formation. The observation in References 76 and 83 that
large eddaies "heal” in 0(1203) suggests that this approach would be of only limited
usefulness as 1t could not be repeated (only go through transition once, usually).

A simple~minded possibility is that, 1in the transitional regicn, the Emmons spots
(which appear to be convecting "islands"™ of fully turbulent flow in a “"laminar sea”
(Ref. 92) contain more virulent motions than their remmants in the "asymptotic"

(R_ > 10") region due to the low intensity (laminar) surrounding flow. A crude analogy
might be the favorable effect of open space upon plant growth.

Pessible experiments to check this simplex reasoning include (1) examining the
boundary layer downstream of a transition region induced by a forward or backward facing
step, where the transition 1is completed within the free shear layer bounding the sepa-
rated flow region (this should bypass the Emmons spot formation region altogether but
might not reduce intensity levels) and (2) promoting "instant transition,"” for example,
by pulsing air jets through a transverse line of closely spaced holes in the surface at
the longitudinal position of the first "natural™ Emmons spots. The purpose of the lat~-
ter experiment would be to induce the spots to form simultaneously at the same longitu-
dinal location and quite close together, thereby eliminating the "laminar sea." Prelaim-
1nary experiments along these lines at Langley by Goodman (Refs. 93 and 23) indicate
lower skin friction levels in the low R, (R_ < 104) reqion for particular driver ampli-
tude and frequency values as well as indication of smaller scales from "flow visualiza-~
tion." Other related experiments (without the close spanwise spacing) indicate little
effect {(Ref. 94). An additional piece of relevant physics is the Klebanoff et al.
"calming effect" caused by the passage of an artifically-induced Emmons spot (Ref. 95).

Large Eddy Substitution

This is also a relatively new area, suggested in Reference 84 with initial studies
documented in References 96 and 97. The basic concept is to control/replace the usual
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Large-Eddy Structures with control vortices shed from various fix>d Bodies, 1In Refer-
ence 96 the control vortices are "stationary" and longitudinal, ard provide stabilizing
streamline (as opposed to wall) curvature. Once the outer turbulence is organized and
altered by these input vortices the organized motion is "unwound"” {using a vortex gener-
ator of the opposite circulation) and the flow relaxes back to an undisturbed state.

The "unwinding™ is necessary as the steady pumping action of the embedded input vortices
1ncreases mean shear. In Reference 97 a transverse cylinder is used in the outer region
with a control (LEBU~like plate placed above it to force the shedding of unsteady
transverse control vort ' _es of the sign opposite to the dominant boundary layer vortic-
1ty. Many other realizations of this approach are possible, using various types of
bodies/classes of control vortices. From the results thus far this method provides, at
the very least, opportunities for wall turbulence control. Net drag reductions, if
obtainable, are still quite far in the future.

TURBULENT DRAG REDUCTION APPROACHES BASED UPON ALTERATION OF THE WALL
BOUNDARY CONDITION

Fhese methods are based primarily upon the following query: "Is it correct that
the lowest drag occurs (in zero pressure gradient) for a smooth, flat surface, or 1is
there some micro-geometry which (while conventionally a roughness) might alter the
turbulence wall production processes 1in a net favorable manner?®™ The LEBU results
already discussed indicate that it is indeed possible to lower net drag using nonplanar
geometry. This section of the paper discusses nonplanar geometry approaches for the
wail region, along with affects of wall motion and wall slip.

Riblets

The micro-geometry associated with the riblet approach consists of small longitudi-
aal striations in the surface. The basic concept arose from the drag reduction which
occurs at the apex of Isoscles Triangle ducts (Ref. 98) and inviives creation of a
highly viscous sub-:egion 1n the transverse direction which alters the formation ard
growth/bursting of the wall streak. Additional considerations include the possible
alteration of the transverse pressure field and a quasi-two-dimensionalization of the
very near wall rlow. Since the grooves are flow-aligned, parasitic form drag 1s minimal
but the wetted area is considerably increased. From Reference 99, the drag is consider-
ably reduced over the riblet valley and increased somewhat over the peak. A potpourri
of riblet models tested at Langley 1s given on Figure 13 (Refs. 17G0-~103). Experimen-
tally, tbe optimal drag reducing surface is also one of the first ones tried, the
sawtooth arrangement indicated at the upper left of Figure 13. Research on this riblet
concert 1indicates (a) net drag reductions are possible if the height and spacing of the
grooves are the order of the individual wall streak dimensions (approximately 30 wall
units (Fig. 14)), (b) net drag reductions of up to 10 percent can be obtained on sharp
ti1p v-groove surfaces (Fig. 15), (c) rms turbulence intensity near the surface :is
reduced, but burst frequency is not (Ref. 102, 104) although a burst frequency Reduction
was observed in Reference 105 and (d) riblet surfaces can provide increases in heat
transfer (0(38%)) with essentially no increase in "pumping power", Reference 106. Data
taker at Lenigh (Ref. 107) indicate that the wall streaks tend to align themselves ovr
the riblets, at least in the range of spacing greater than 50 wall units. Confirmato:r’
data for riblet drag reduction are available in References 108 and 1083.

Of 1nterest in connection with these riblets is that fast shart¥s have a surface
covering of dermal denticles with flow-aligned keels having near.y an optimal riblet
spacing Ref. 110, These keels are lined up peak to peak down tae body, developed
relatively recently in the fossil record and (as the shark grows) the keel-to-keel
spacing does not change, the fish merely adds keels onto ihe sides of the denticles.
There is no prima-facie evidence that these dermal keels on the shark do, in fact, act
as drag-reducing riblets. For the denticle-keel combination there are indeed alterna-
tive drag reduction mecharisms which include their acting as a guide for polymer (slime)
deposition into the near wall region (see also Ref 109).

The application of riblets need not 1involve tedious and delicate surface ma.nining.
In one concept, thin (low specific gravity) films could be 1nexpensively extruded
through dies with the correct geometry and attached with adhesive to the surface.
sSmooth Surface filme of this type have already been tested on aircraft (rRef., 111) and
found in the flight tests to be satisfactory in .erms of maintainability, uv degradation
and cycle life. An interesting further possibilitv is t4s use of three-dimensional rib-
let configurations, The surface morphology of Marlin (Ref. 112) can be crudely likened
to an array of non-aligned flattened half-cones pointing backward. This configuration
gives the impression 0% diverging flow (in a three-dimensional sense) which, from
Reference 113, may damp the wall streaks

Bubbles

This approach is suitable for liquids only and involves placing a gas "sl:p layex"
between the surface and the liquid. Due primarily to the lower density of the gas layer
large drag reductions are possible (Ref. 121). This is an ancient concept, with patents
dating back to the last century. Historically, the major problem with the implementa-
tion of this approach has been the instability of the air film. Very large air enve- i!
lopes obviously have very large buoyancy difficulties/instabilities while smaller
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bubbles can induce roughness effects 1f the surface coverage is not uniform. Neverthe-

less, sizable local drag reductions have been obtained (Fig. 16, Ref. 114), in this case -
using electrolysis for bubble production. A net drag reduction using the electrolysis

approach is problematical; however, other techniques for gas or vapor production

(including surface boiling (Ref., 115) and "cavities” (Refs. 116 and 117)) indicate

considerable promise, especially for high-speed operation,

Relatively recent Soviet research seems to have provided an answer to several of
the bubble difficulties (Ref. 118). Their basic approach was to utilize distributed air
1njection through microporous surfaces to produce a relatively uniform covering of very
small bubbles. Using this method, quite large (0(70%)) reductions in skin friction were
obtained with relatively low gas flow rates. The application of this technology to
surface ships would be quite straightforward, involving an external skin through which
compressed atmospheric air is continuously (1n surface space and time) injected. Soviet
estimates indicate a possible 0(30) percent decrease '1n installed horsepower and there
are additional possibilities for reduced fouling drag and fouling maintenance costs 1f
water 1s kept away from the hull surface, even while berthed (this would also increase
aeration/0, content of normally oxygen deficient harbor waters). Experiments at Penn
State by Merkle et al (Refs., 119-122 indicate large drag reductions over a sizable
parameter range, i.e,, the reduction 1s rather easily obtained., To circumvent the large
guantities of air/gas required an attempt should be made (using surface chemistry,

Ref. 123) to create (as an end point) a "mono-layer" of microbubbles on the surface
which would provide a slip velocity directly with minimum gas usage.

Compliant Walls (Interactive Wall Motion)

The status of compliant walls for turbulent drag reduction is, as usual, murky.
Soviet research reported in Reference 6 indicates that, in water, several types of
"soft" surfaces can (in the linear instability region) both increase the lower critical
Reynolds number and decrease the amplification rate of unstable disturbances but even
these data are now in question {Ref. 124). The data and analyses cited in References 18
and 125 1ndicate that there are no reproduced experiments, at least to the date of this
writing, which indicate sizable (greater than 5 percent) net drag reduction for compli-
ant surfaces under turbulent boundary layers, either in air or water, The Soviets have
reported some recent favorable results (Refs. 126 and 184 as has Taylor et al at Applied
Physics Lab (Ref. 127) but these have not yet been confirmed. Due o the tremendous
density difference between air and any reasonable surface material, the compliant wall
approach 1s probably confined to water for the foreseeable future. (See also Ref. 128
for an acoustically-orientated proscription for compliant wall design.)

Relaminarization Using Masslive Wall Suction

This method 1s of particular interest to the CTOL fuselage drag problem. A
conceptual layout 1s indicated on Figure 17, The forward portion of the fuselage is
typically characterized by a host of excressences, including windshield wipers, bugs,
probes, attachment points and access hatches. The basic concept is to "writeoff" this
forward portion of the flow as transitional/turbulent and subsequently relaminarize the
boundary layer downstream of the cockpit using massive suction. Maintenance suction
and/or wall cooling would be required further downstream to maintain the laminar
condition.,

Pfenninger (Ref. 129) successfully carried out a series of relaminarization exper-
iments applicable to this concept but found it necessary to ingest the entire mass flow
1n the boundary layer (up to 1.5¢) to capture all of the "superlayer" fluctuating -
vorticity. Suction of less than this amount compromised and complicated the downstream
maintenance LFC problem. The key ingredients to maximizing the overall system effi-
ciency of this approach are (1) ingesting the minimum mass flow consistent with down-
stream maintenance LFC and (2) obtaining maximum pressure recovery in the suction inlet.

There exist several possibilities for optimizing the fuselage relaminarization
approach. The¢ most obvious is to place the massive suction forward of the minimum pres-
sure region on the fuselage, This placement performs two functions: (a) places the
initial (thi, and tender) laminar flow region in a stabilizing favorable pressure gradi-
ent and (b) snould lower the required pumping pow~r (and possibly allow for selfbleed to
the side of the fuselage where slot injection might be utilized in regions where laminar
fiow could not readily be maintained, such as the wing juncture contamination zone).
Another optimization possibility 1s to design the aircraft for minimum disruption of
fuselage LFC from the wing-induced pressure field (providing this could be accomplished
without unduly altering the wing efficiency). Historically, alterations in the wing and
fuselage design for interference have been in favor of the wing. As a "blue sky" possi-
bility, the maintenance laminar flow could be made somewhat easier on passenger aircraft
by replacement of the wind: 's with a smooth skin and providing the passengers with a
small video screen giving a pilot's-eye-view (or a view in any other direction) using
the recent advances 1in microelectronics.

A final opt:mization possibility is to "preprocess" the fuselage boundary layer
through a large-eddy breakup device (see previous section) which should, by altering the
superlayer structure and thickness, reduce the suction mass flow requirements and tinere-
fore possibly increase the overall system efficiency. Research on this last possibility
1s currently underway at NASA Langley. Closing arguments in favor of downstrea.n
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fuselage relaminarization include (a) possibility of using cooling (from liquia Hy fuel)
as a maintenance LFC technique (not feasible for swept wings (Ref. 130), (b) greatly
reduced problems from "insect remains," (insects impinge 1in the nose region, which 1s
turbulent anyway) and (c¢)} reduced roughness sensitivity compared to the swept wing case
(Ref, 131;.

Non-Interactive Wall Motion

This boundary condition change is meant tc be distinct from the compliant wall
approach, The essence of the latter is that the wall motion is, somehow, tied to the
turbulent motions and/or burst process within the flow. In the non-interactive wall
motion case (as defined herein), the wall simply translates in thee downstream direc-
tion. Tre wall geometry could be either flat or wave shaped.

Typical drag reductions for rectilinear wall motion with a flat wail geometry a.e
shown on Figure 18 (Ref, 132). The rectilinear wall motion in the stream direction
essentially acts as a slip boundary condition and reduces the mean shear. The end point
of such wall motion (Uya11 = U ) 1s zero boundary layer thickness and zero mean shear.
If the moving wall has a wave-sBaped geometry, 1t 1s even possible to produce thrust
wilth this approach (for a large enough wall velocity). However, for U, < U_ the wavy
surface usually has an additional pressure drag component (e.g., Ref, f33) ndt present
in the flat wall case.

The application of downstream moving walls to actual systems for turbulent drag
reduction 1s probably not feasible except in very specialized circumstances. In fact,
as a general observation, turbulence control approaches which require moving solid
objects are generally extremely difficult 1n practice (due to inert:ia and fatique
considerations) and may result in drag increases due to periodic eddy shedding (from
oscillatory object motions). However, as noted in connection with the postulated drag
reduction mechanism for large-eddy breakup devices, 1t is not necessary for objects to
move 1in order to force a time-dependent interaction with the turbulence. The fact that
the turbulence 1tself is unsteady automatically ensures unsteady flow interactions even
with stationary objects.

Micro Air Bearings

The approach 1s highly speculative, but does bring to light (in fact makes us of)
several apparent anomalies in the literature. The first of these :s a reduced Reynolds
stress level measured near the wall over a "D" type roughness (Ref. 134). This special
type of rough surface consists of closely spaced spanwise cavities. Near-wall flow
visualization over such surfaces indicates an absence of wall streaks over the cavities
(Ref. 135) and an intermittent eruption of cavity fluid (Ref. 136), the latter perhaps
due to strafing from the "typical eddies.”

A second apparent anomaly is the very low drag (essentially laminar skin fraction)
over such surfaces in laminar flow {Fig. 19, unpublished NASA Langley data by L. M.
wWeinstein, see also Ref. 137; e.g., 1in the absence of the turbulence-induced cavity
eruption (Ref. 138). The 1inference from the foregoing information is that the innate
drag over moderate-sized D-type roughness may be quite low, providing that the cavaity
eruptions (which presumably cause space and time variable pulses of pressure drag) can
be reduced. Possible approaches to the reduction of these cavity eruptions include (a)
use of large-eddy breakup devices (see previous discussions on LEBU's) and (b) use of
1mbedded (co-rotating?) vortex generators. The latter device is suggested by data in
Reference 139, which indicate that wall shear stress fluctuations are significantly
reduced downstream of such imbedded vortex generators (see also Ref. 140 for remarks
on partial substitution of longitudinal vortex structures for the usual trarsverse
(horseshoe?) turbulent"vortex" motions). Moreover, Reference 141 indicates that such
longitudinal structures can survive for large streamwise distances. Simplistically, one
may be partially substituting "stable" three-dimensional longitudinal vortex structures
for unsteady horseshoe/ring/transverse vortex motions; i.e., utilizing a more stable
type of flow structure to "insulate™ the wall from a portion of the turbulent chaos.
Therefore, the micro-air bearing approach conceptually combines both a wall boundary
condition change (substitution of intermittent pressure drag for attached sk.n fraiction)
and a flow field alteration method (LEBU, imbedded vortex generator or ?) to reduce the
level of intermittent pressure drag. Whether net drag reductions can be obtained is, of
course, problematical, but the research (currently on-going at Langley) is of consider-
able 1nterest for the turbulent drag reduction of rough surfaces (e.g.. ship hulls).
Initial data (Ref. 142) indicate no net drag decreases for the LEBU cavity combination.

TURBULENT DRAG REDUCTION APPROACHES BASED UPON USE OF A STABILIZING BODY FORCE
Longitudinal Convex Curvature

Reference 143 provides a premiere discussion of the effects of longitudinal wall
curvature upon turbulent boundary layers. The general result is that concave longitudi-
nal curvature increases turbulence intensity and generally produces Gortler vortices

imbedded in the turbulent flow (which greatly increases mean entrainment/drag). The
effects of convex curvature are, however, very favorable with large decreases in
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turbulence intensity and skin friction (Fig. 20 (Ref. 144))., Moreover, quite small
curvature inputs (&§/R ~ 0(.1)) produce tremendous effects. There exist indications
that the convex curvature affects primarily the large, outer eddies (e.g., Refs. 145 and
146). Simplistically, therefore, convex curvature should have effects similar to the
large eddy-breakup devices discussed previously, with ultra long downstream relaxation
distances, That such is the case is indicated on Figure 21, The skin fraction distri-
butions shown are in the downstream relaxation region; e.g., downstream of the end of
the curvature region (Ref. 147), downstream of the LEBU (Ref, 65), or downstream of
other (conventional) boundary condition changes (Ref. 69).

The data on Figure 21 indicate that convex curvature does indeed tend to act in a
similar fashion to large-eddy breakuy devices. In fact, heat transfer data (Ref, 148)
downstream of convex curvature indicates relaxation distances in the 504 range, The
necessary criteria to ensure sizable downstream distances of low drag !due to convex
curvature) are (a) &6/R in the range of .0l to 1 (note the lower level on Figure 22 for
the larger §/R , (b) the curvature must be applied downstream of the end of transition
(so that all of the large eddies are in place to be modified), and (c) the curvature
must be applied over a surface distance the order of 15§ or greater, These criteria
were deduced from the available Stanford data (Refs. 147 and 148). Also of inte.est,
from Reference 149 is that, at least locally, convex curvature also damps turbulence 1n
the supersonic case, something that LEBU devices may not do,

Simplex concepts for application of convex longitudinal curvature for turbulent
drag reduction are shown on Figure 22. The basic tricks are (1) to deal, at least
initially, with the nose regions of axisymmetric bodies such as fighters or missiles
{(which are fairly slender), and (2) to first establish the end of transition on a
forebody with small wetted avea (somewhat similar to the swordfish case (Ref. 6)) and
and then process the boundar, layer through a short (A x/6 < 10) region of concave
curvature on the way to the convex portion. The critical observation 1s that the
limited extent of the concave curvature region may not allow formation of any lasting
alterations to the turbulent structure. Research on both subsonic and supersonic convex
curvature approaches 1s currently underway at NASA LaRC.

In addition to longitudinal (x-y) curvature there are obviously cuvature possibili-
ties in two other planes, transverse (y-z) ard "in-plane" (x,z). For external flows
convex transverse curvature is a second order effect compared to the longitudinal case
(requires §/R + 1 or greater) which acts similar to favorable pressure gradients, drag
1s increased with increasing §/R, with relaminarixation for large enough values.
In-plane curvature results have, 1n some cases, 1ndicated reduction in both turbulence
scale and drag (Ref. 150) but the experiments are not yet "clean" in the sense that the
curvature 1s not the only major parameter affecting the flow., For the swept wing
transition problem in-plane curvature is stabilizing (Ref. 151)

Fibers and Other Particles, Plus MHD

The bulk of the drag reduction research on fibers and particles is for liquid flows
(see Refs. 17, 152, and 153). The situation in liquids appears to be the following:
large length~to-diameter particles (fibers) can provide reasonably large drag reductions
(0(20 percent to 50 percent)), but spherical particles generally do not. 1In gases,
spherical paricles sometimes give drag reductions up to 50 percent or greater (Fig. 23
from Ref. 154) and sometimes not. Fibers have evidently .iever been tried 1in air flows.
Some evidence (Refs. 155 and 156) indicates that the particle drag reductions in air may
be due to the electrostatically induced formation of chains of particles or fibers.
This explanation may also apply to some of the liquid data, where mixtures of blue clay
particles (non-{ibers) provided a drag reduction (Ref. 157), Blue clay is known to be
electrostatically active. The bulk of the data therefore seems to indicate that long
length-to-diameter fibers, either mechanically introduced or electrostatically formed
from particles, are responsible for drag reduction in turbulent flows.

A possible explanation for fiberous drag reduction is that the fibers provide a
distributed anisotropic body force. 1If one assumes (reasonably) that the fibers are
approximately aligned with and follow the main flow, there chen exists a large fiber
Reynolds number difference in the streamwise and cross-stream directions (based upon
pulsation velocity). This in turn gives rise to large directional differences in the
drag coefficient which the particle induces upon the pulsation velocity field. This
heuristic model suggests that the longitudinal velocity fluctuations should be affected
much less than those in the cross-stream directions. Since shear flow turbulence is a
three-dimensional phenomena, the possible "mono-~dimensionalizing" effects of a fiber-
i1nduced anisotropic distributed body force should be to alter the turbulence production
and reduce drag.

The application of fiber drag reduction to external flows is not straightforward,
due to the innately non-circulatory nature of the problem. Conceptually, one could
1nject particles near the nose and then attempt to recover them near the tail of the
body for recirculation, but this simplex approach demands non-realistic fiber capture
efficiencies (as well as energy for fiber return). A possible (but still improbable)
approach would be to form fibers from the fuel, use the fibrous fuel for drag reduction
(utilizing nose injection and subsequent boundary layer transit), and then collect fuel
plus boundary layer into an engine at the tail for subsequent combustion.
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Another body force which tends to mono-dimensionalize the turbulence is MHD
related, Practically any value for skin friction between laminar and turbulent 1s
possible in magnetic fluids depending upon the level of the applied DC magnetic field
(e.g., Ref. 158), Since these particlar data (Ref. 158) are for a magnetic field
aligned with the mean flow, the magnetic force can only directly affect radial and
tangential velocity fields, which are entirely fluctuational (obviously radial and
tangential mean velocity components are zero in a developed pipe flow). Transverse
fields are also effective (Refs. 159, 160). Unfortunately, MHD control requires a
magnetic fluid which is singularly lacking in the usual external flow problems, except
perhaps (weakly) for sea water, Super-conducting magnets may, 1n fact, allow turbulent
boundary layer control/drag reduction in hydrodynamic -applications; e.g., Reference 161.

Wall Cooling

As is well known in geophysical fiows, buoyancy forces can either stabilize, or
destabilize, turbulent shear flows. For air, wall cooling tends to stabilize, with the
amount of stabilization indicated, for example, by the local gradient Richardson number.
A value greater than 0.05 generally indicates the beginning of measurable effects, with
a value of 0.5 indicating major stabilization (Ref, 162). This approach could conceiv-
ably be of interest on aircraft utilizing liquid hydrogen (cryogenic) fuel where a
sizable heat sink is readily available, 1In a large scale, low-speed boundary layer
experiment, wall cooling provided an 18 percent skin friction reduction (Ref. 163).
Unfortunately, if one estimates from the Richardson number the free-stream velocity
range over which such stabilization is operative, the numbers are disappointingly low
(less than 0(10) fps) for even the extreme case of liguid nitrogen wall cooling. There-
fore, the wall cooling approach is evidently suitabie only for specialized applications.
On the other hand, the well known decrease in skin friction due to wall heating (primar-
ily due to wall density reduction, in air) can be utilized locally (using waste
propulsion heat) e.g., Reference 12.

SOME INTERESTING APPROACHES WHICH EVIDENTLY MAY NOT PROVIDE NEZT DRAG REDUCTION
Passive Porous Walls

One would expect that relaxing the wall irpenetrability condition, (without impos-
ing a net mass flux tnrough the surface) might alter the near-wall turbulence production
cycle, with the extent and type of alteration perhaps a function of the detailed micro-
geometry of the surface. Research on high pressure drop passive porous surfaces
{Refs. 164 and 165) and nolse absorbing walls with considerably less pressure drop
(Ref. 166) 1ndicates that the net effect of relaxing wall impenetrability (without net
mass transfer) 1s to increase skin friction drag, Recent research at Langley {Ref. 167)
i1ndicates that the drag increase is due to unsteady pressure forces on the edges o0f the
perforations. Non-normal orientations of the surface openings have not yet been
evaluated.

Such passive porous surface may be useful for flow separation control by allowing
self bleed of boundary layer displacement thickness buildup (e.g., Ref. 168). 1In a
related problem steady-state computations (Ref. 47) and experiments (Refs. 50, 51) of
spatially-adjacent (alterna%ing) regions of suction and blowing also indicate net drag 1
increases.

Oscillatory Longitudinal Curvature and Pressure Gradients (Wavy Walls)

The original impetus for the wavy wall studies at Langley (Refs. 38, 169, and
170 and 171) was the apparent average skin friction reductions obtained by Kendall
(Ref. 133, 20 percent, Fig. 24) and Sigal (Ref. 172, 10 percent) over wavy walls with
A/§ ~ 0(1). Computations in Reference 170 indicated that these reductions were probably
due to periodic partial relaminarization approaching each wave crest, caused by the
coincidence of large favorable pregsure gradient and convex curvature influences.

§

The major problem with wavy walls for drag reduction is the attendant pressure
drag, caused by a downstream phase shift in the oscillatory pressure distribution for
A ~ 0(8). This pressure drag is larger than the skin friction reduction usually obtain-
able over the wave. A Langley investigation into non-sinusoidal wave shapes with possi-
bly lower pressure drag culminated in a family of skewed waves with gradual (straight)
downstream-facing slopes ard much steeper upstream facing surfaces (Fig. 25). However,
initial tests of such surfaces suggest that the surface modifications necessary to
reduce pressure drag have also apparently nullified much of the viscous drag reduction.
Therefore, although we can now design wavy surfaces with essentially flat plate drag
levels, a sizable net drag reduction may not be obtainable, Net benefits the order of
10 percent do evidently accrue from the use of "marco" waves (A/§ >> 1) where Cp p = O
(see section entitled "Adverse Pressure Gradient" and Ref. 38). '

Wall Turbulence "Sieves" and "Furry" Surfaces

A particularly simplex concept for reducing the intensity of turbulent motions near
the wall is to "sieve™ them through a local (wall region) breakup device. Results from F
Reference 139 (using restricted length vertical plates placed quite close together and
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horizontal "small eddy" breakup devices placed close to the surfacc) indicate sizable
drag reductions downstream, but estimates of the device drag penalty indicate net drag -
increases (at least thus far). Since this approach uecls with the near wall region, the
downstream relaxation distances are much shorter than for 'he large~eddy breakup devices
discussed previously (Ref. 69), Further work on the Sandborn type devices (Ref. 139) is
probably warranted. 1If the sieves are distributed ccntinuously over the body surface
and moreover the device elements are flerible, then one has a "furry" (Ref. 173) or
"wheatfield" type of wall treatment (Refs. 174-180)., This latter type of surface is of
obvious interest to boundary layer meterologists. The general conclusion, thus far,
from the work on long, thin, closely packed and flexible wall roughnesses such as fur
and wheat or rice indicates (a) that the overall drag increases substantially due to the
increased effective wetted area contributed by the multitudiness individual elements and
(2) the elements undergo a vibratory limit-cycle motion (at their characteristic
frequency) and this "compliant-wall like" response usually feeds back 1nto the turbulent
boundary layer structure as a destabilization.

CONCLUDING REMARKS

Turbulent drag reduction is beginning to provide a viable and probably less sensi-
tive alternative to laminar flow control for viscous drag reduction, particularly for
fuselages and other bodies. The relatively recent (within the last 20 years) studies of
"coherent structures" in wall boundary layers provide, for the first time, guidelines as
to scales, frequencies, and possible mechanisms which might be used to control the
turbulence structure and perhaps provide a net drag reduction.

An important (but simple) concept is that the turbulent drag reduction approach
must be tairlored to the particular application. For example, there are several very
powerful techniques available for water flows (e.g., polymers and bubbles/gas layer (and
perhaps compliant walls)) which have no counterpart in the air flow case. The air
problem is much more difficult, with current approaches providing 5 to 20 percent type
reductions as opposed to the 50 to 70 percent levels ohtainable in water. Within the
water-only approaches, the bubble method is particularly interesting for surface ships
where a large reservoir of air (the atmosphere) is readily available for compressing and
injecting.

Aside from relaminarization, for air flow applications the "best" current
approaches appear to be nonplanar geometries: (1) large-eddy breakup devices (20 per-
cent thus far for low speeds), {2) convex curvature (at low speeds, reductions in the
20 percent range appear to be obtainable, although this has not yet been demonstrated),
and (3) riblets (10 percent). 9n a localized basis, adverse pressure gracdients and slot
injection can probably provide meaningful reductions, along with the old standbys of
wall heating and porous wall injection, depending again upon the application. The
remaining techniques are mainly applicable only to very specialized situations; e.q.,
wall cooling {very low speeds) MHD (magnetic flowing media) and fibers (requires fiber
avallabirlity or a recirculating system). It should be noted that very little research
1s yet available for combinations of methods. Limited data for the riblet/LEBU com-
bination (Ref. 103) indicates that the drag reductions are nearly additive, and various
combinations of polymer systems have been attempted (polymers and particles (Ref. 181),
p