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ABSTRACT

The response of boundary layer separation from smooth surface to a peri-
odic vortical excitation imposed locally near the separation point is studied. The
emphasis is on the time-averaged streaming effect of the unsteady cxcitation to
the separating flow. The problem is formulated as a small periodic perturbation
to a basic steady separating flow which is assumed given. Two types of separa-
tion model are studied, the breakaway separation model based on the numerical
triple-deck solution of F.T.Smith, and the bubble separation model, which is calcu-
lated based on boundary layer equations with prescribed displacement thickness.
First and second order perturbation equations are derived and simplified to or-
dinary differential equations near the separation point by using the triple-deck
analysis. The perturbation equations are solved both analytically and numeri-
cally. It is found that the ratio of the Strouhal number St and Reynolds number
Re, a = St/Re'/*, is an important parameter which determines the nature of the
excited flow. For proper value of a, the streaming effect is quite strong which
may delay or suppress separation. The numerical results show that there exists
an optimum forcing frequency corresponding to a maximum streaming effect for

each streamwise location.
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CHAPTER 1

INTRODUCTION

Flow separation is one of the most common phenomena in fluid dynamics. Itis
well known that the performance of many practical devices is greatly influenced by
the separation. A typical example of the unfavorable effect of flow separation from
a smooth surface is the aerodynamic stall of an airfoil at large angle of attack due
to breakaway separation or a large separation bubble on the upper-surface of the
airfoil. Tt is also known that the drag of a moving vehicle with a bluff tail is mainly
determined by the size of the wake behind the body. So, it is often desirable to
eliminate or suppress flow separation to gain lift and/or reduce drag. On the other
hand, flow separation can also be beneficial. For instance, on the sharp-leading-
edge delta wing, the separation line is fixed to the edge and two strong vortices
are formed above the wing, yielding additional lift. Many examples of utilizing
separation by active provocation have been reviewed extensively by Gad-el-Hak
and Bushnell [1]. Moreover, it has long been known that many flying creatures

can utilize the separated vortices in very smart way.

The study of flow separation and the effective ways of separation control
are, therefore, very important for both theoretical and practical purposes. Many
effective methods of separation control have been developed and are reviewed by
Reynolds and Carr [2], as well as in [1]. An extensive review of the experimental
and theoretical basis of enhancing vortex lift by unsteady excitation is given by
Wau et al.[3], where it is emphasized that a thorough understanding of the relevant
mechanism may shed new light on the new generation of flying vehicles with super

lift. Many experiments have revealed that exciting waves may alter the process
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of flow separation, promote reattachment, eliminate or suppress separation. The
methods for generating exciting waves have included acoustic excitation [4-13],

oscillating flaps or wires [14-18], and oscillatory surface heating [19].

The physics behind the separation control by unsteady excitation is gradu-
ally being understood. However, a complete theory is not yet available due to the
complexity of the problem, the limitation of available theoretical methods (mainly
perturbation method), and the difficulty and confusion in comparing experimental
results with a few available theoretical analyses. It is generally believed that in an
effective separation control, the instability (or vortical) waves are excited and am-
plified, which may induce small or large scale laminar-turbulent transition. Then
the enhanced entrainment may suppress or eliminate the separation. However,
this is not a unique or universal mechanism. In fact, Ahuja [6] found that acoustic
excitation can be used to suppress turbulent separation. The filling of turbulent
velocity profile was observed and the separation point was moved downstream;
clearly, the transition mechanism is not involved. It is worth mentioning that
the well-organized large scale coherent structure in the excited separating flow is

another possible mechanism.

Following the general ideas addressed in (3], the present thesis concentrates
on one aspect of separation control by unsteady excitation. More specifically, our
focus is on the time-averaged effect of these excitations, which is known as stream-
ing. The crucial role of streaming in separation control was first proposed by Wu
[20], and the concept is applicable to both laminar and turbulent flows. In the
present study, our main concern is to weaken or suppress the undesirable two-
dimensional flow separation from smooth surface with the velocity streaming by
applying local unsteady excitation. Our theoretical analysis and numerical com-

putation indicate that the streaming is indeed very effective when the excitation
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is applied near the separation point. The streaming can be favorable as well as
unfavorable depending on the excitation modes. A favorable streaming can move
the separation point downstream, or even eliminate the separation. The relation
between streaming and other mechanisms relevant to the separation control is also
addressed. A more general discussion of streaming can be found in [3].

In Chapter 2, a critical review of the current understanding of the relevant
physical phenomena is presented, the concept of streaming and the triple-deck
structure near separation are introduced, and the problem is simplified to be suit-
able for theoretical approach. In Chapter 3, the analytical formulation of the
problem is derived by using the perturbation method and some theoretical re-
sults are given. Chapter 4 presents our numerical study of the problem, including
discussion of the numerical schemes and results for both breakaway and bubble
separation models. Concluding remarks and suggestion of further work are given

in the last Chapter.



CHAPTER II

PHYSICAL BACKGROUND

First, here we present the physical background necessary for understanding
the streaming effect of forced excitation on flow separation. We shall review some
typical experimental results and the current understanding of the physics relevant
to separation control by forced excitations. Although many experiments have been
reviewed in [1], for our purpose it is still necessary to analyze the experiments more
systematically. The scaling of the natural unstable frequencies in terms of the
Reynolds number is first derived in §2.1, based on which the relevant experiments
are reviewed in §2.2. It will be shown that the relation between various instabilities
of a separating flow and the effective control is not at all simple, and that instability
is not the whole story. Then, in §2.3 we introduce the concept of streaming and
discuss its relation to separation control. The excitation methods are considered
in §2.4, in which we also simplify the formulation of the problem for this study.

Finally, we introduce the triple-deck structure of steady separation in §2.5.

2.1 Instabilities and Scaling of the Natural Frequencies

One of the central problems in separation controls by unsteady excitation is to
find the optimum forcing frequencies that produce the most effective control. This
requires a knowledge of the correct scaling rules for the excitation frequencies with
respect to Reynolds number. Since it is generally observed that the excitations
become most effective when the forcing frequencies are locked onto the natural
unstable frequencies of the separating flow, the scaling rules of the natural unsta-

ble frequencies are analyzed first, which can be used as a guideline of reviewing




experimental results.

Throughout this study we assume the flow is incompressible, the scaling of
natural frequencies then means relating the reduced frequencies (Strouhal number)
St to the Reynolds number Re. Note that defining Re and St based on different
characteristic length scales will lead to different scaling. Two types of character-
istic length are often used, the global length, such as the body scale or the width
of the wake, and the local length, such as the initial momentum thickness of the
separating shear layer. In the following we derive the scaling of frequency based
on the body scale, which is easier to use in practice.

Three types of instability are often considered in literature to relate to an
effective control: the instability of boundary layer (the Rayleigh and Tollmien-
Schlichting type), the instability of free shear layer (the Kelvin-Helmholtz type)
and the “shedding” type instability of the entire separation bubble [13]. Many
experimentalists referred to only one of these when they explained their results.
However, it will be evident later that it is possible to excite different instabili-
ties at the same frequency range, and thus the problem may become much more
complicated.

First, we consider the scaling for boundary layer instability. Let Us, L, v
be the free stream velocity, a global characteristic body length, and the kinematic
viscosity, respectively. From the asymptotic study of the boundary layer stability
with non-parallel flow effect by Smith [21], and Bodonyi and Smith [22], for the

lower and upper branches of the marginal stability curve we have,
Re, xe® and Re, x €',

where Re, = Uy z /v is the Reynolds number based on the distance z of separation

point from the point where boundary layer starts to grow, and ¢ = FY/¢ with
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F = vn/Us?, where n is the neutral unstable circular frequency. Then, if we

define

Ul and St = M,

ReL = " Uoo

where f, = n/2r, we find F = 27S5t;/Rer, hence it can be easily shown that for

the lower branch,

1 } T _*
StL (o ¢ E;Re"(f) ) (2.1a)
and for the upper branch
1 % T . _3

It should be noted that Egs. (2.1a,b) give the lower and upper bounds of the
natural unstable frequencies of boundary layer for a fixed Reynolds number rather
than the scaling of the most unstable frequency. The factor 27 is retained in the
formulas in order to emphasize the difference between the circular frequency n
and frequency f, because it can be large enough to lead to different qualitative
assessment (see §2.2). Egs. (2.1a,b) imply some complexity in the scaling due to
the presence of /L, which is determined by, say, the geometry and the incidence
of an airfoil.

Second, for laminar and turbulent free shear layers, we have the following
relation for the most amplifying frequency fn [23]:

fn
Ua

= ¢; (constant), (2.2)

where U, is the averaged velocity of those on the two sides and 8 is the initial
momentum thickness of the shear layer. For a free shear layer leaving trailing
edge, the constant ¢; was found experimentally and numerically to be 0.032 for
a laminar shear layer or 0.044-0.048 for a turbulent shear layer (see [23]). Note

that the constant might be different from the above ones for a free shear layer
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leaving a smooth surface, but Eq. (2.2) is still valid. Then, for a laminar shear

layer, consider the relation between 8 and Rep

0 (—-)% x ReL-%(“’/ Us

)%L

we have, for the Kelvin-Helmholtz instability,

(2.3)

and c; is kept in (2.3) since it is very small.
Finally, the scaling for “shedding” type instability was proposed by Sigurdson

and Roshko [13] as

fshh
U,

= ¢y (constant), (2.4)

where f, is the most amplified “shedding” frequency and U, is the velocity just

outside the shear layer at separation, or

U,

St =c¢ ,
L 2 Uoo

(2.5)

> b~

where h is the height of the separation bubble or the half width of wake behind
bluff bodies. The constant ¢, in (2.4) and (2.5) is 0.08 approximately. For flow

over airfoils, we may estimate that [24, 25]
Stpsina = 0.15 ~ 0.19, (2.6)

where a is the angle-of-attack.

It needs to be pointed out that the above scaling can be used to obtain the
qualitative behavior and rough estimation of the natural frequencies rather than
the quantitative results, because some quantities in the scaling (e.g. z, 8, U, and h)

will be changing when the flow is being excited. The interesting point is that, the
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scaling for both boundary layer and Kelvin-Helmholtz instabilities are explicitly
dependent on the Reynolds number and the dependency is stronger for the latter
one, while the scaling for the “shedding” type instability shows that, such a depen-
dency coming from L/h and U, /U is much weaker. For separating flow over an
airfoil, the effect of incidence angle a is shown clearly in (2.5) by L/h « 1/sina.
By contrast, this kind of dependency on a is rather implicit in (2.1a, b) and (2.3).
One should be careful to compare the magnitudes of the reduced frequencies of
different instability types because the small constants appearing in (2.2) and (2.4).
In general, the natural frequencies of a free shear layer and boundary layer are
higher than that of shedding (if the wake is not too narrow) but it is hard to

distinguish which is higher between the two former types.

2.2 Review of the Experimental Results

Unsteady excitation methods have been used in many separation control ex-
periments. Usually these methods were mainly for suppressing or eliminating
separation rather than provoking it. Different means are used to generate the
exciting waves, including acoustic excitation [4-13], periodic forcing of the velocity
field via an oscillating flap or wire [14-18], and also oscillatory surface heating [19].
The basic model flows tested in experiments include separating flow over airfoils,
backward step separation, leading edge separation from flat plates, etc. It should
be stressed that different model flows might involve quite different mechanisms for
effective control; in particular, the control of the separation from a smooth surface
might be very different from that of the separation from a fixed separation point
(2-D flow) or line.

As mentioned in §2.1, many authors explained their experiments by instabil-

ities of separating flows, and in most cases only one instability mechanism was
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referred to because of the apparent mismatch of the imposed forcing frequency
with other types of instabilities. However, as it will be clear soon, in these ex-
periments the direct matching between reduced forcing frequencies and natural
unstable ones derived in §2.1 are often poor and from the available experimental

data it is rather difficult to identify which instability is really excited.

Reisenthel et al. [17] and Nagib et al. [15] studied the control of backward step
separation by the oscillation of a spoiler-like flap inside the region of separation. It
was reported that the effective frequency scales with the height of the separation
bubble, which is in agreement with the scaling of the instability of “shedding” type
proposed by Sigurdson and Roshko [13]. Huang et al. [10] were able to reduce
the leading edge separation “drastically” by introducing acoustic excitation from
a narrow gap in the vicinity of the separation point (which is called internal exci-
tation) with the frequency near the fundamental vortex shedding frequency or its
subharmonics. Nishioka et al. [12] argued that for a flat plate at high incidence,
the separation is more likely controlled by the “shedding” type instability because
the effective frequency is lower than the natural frequency of the free shear layer.
The frequency variation trend with angle-of-attack in their experiments is in qual-
itative agreement with Eq. (2.6). However, the direct matching with the scaling
rule (Eq. (2.5)) is not obvious. In fact, Sigurdson and Roshko [13] found that
the effective reduced frequency is four times of f,4 predicted by Eq. (2.4), though
the frequencies are still lower than the initial Kelvin-Helmholtz frequencies of the
separating free shear layer.

It is worth mentioning that, the “shedding” type instability of the entire
bubble may closely relate to the global instability of the wake flow behind bluff

bodies closely, and this can be seen by the considering the wake flow behind a

circular cylinder. When Reynolds number is low, the wake of the cylinder is
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of closed bubble type and the excitation induces oscillation of the closed bubble
but with no vortex shedding. As the Reynolds number increases, the periodic
vortex shedding behind the cylinder is induced by small disturbance due to the
global instability of the closed bubble type wake flow. The same reasoning may
be applied to explain the backward step separation bubble control experiments
since the flow structure are similar to the bubble type wake behind a cylinder,
except that the separation points are generally fixed and the bubble interacts with
its image vortex. Then the most amplified shedding frequency is just the most

unstable frequency of the global instability of the entire bubble.

When the vortex shedding is established behind a bluff body, the unsteady
excitation can alter the wake flow structure. It has been shown very clearly in
[26] that the wake structure changes with the excitation frequency. The excitation
at natural shedding frequency makes the wake to reduce and become more well
organized [26, 27). This is different from the “shedding” type instability mentioned

above. The key mechanism for such a case is the wake flow resonance (27, 28].

The Kelvin-Helmholtz (K-H) instability is considered as another possible ef-
fective mechanism in separation controls. The excellent review by Ho and Huerre
(23] provides a complete account of the current knowledge of the perturbed free
shear layer. The “collective interaction” process proposed by Ho and Nosseir [29)
is especially useful for explaining the separation control from the viewpoint of free
shear layer instability . They pointed out that at a low forcing frequency (sub-
harmonic of fr in Eq. (2.2)), many small vortices roll into large-scale structures
and a train of large vortices is formed. The experiment by Bhattacharjee et al
[8] showed that, when forcing at a reduced frequency (based on the height of the
backward step and free stream velocity) in the range of 0.2~0.4, the spreading

rate of the separated mean flow was increased and the reattachment length was
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decreased by 10%. It was pointed out that forcing at a subharmonic of the vortex
passage frequency rather than the vortex passage frequency itself can enhance the
spreading rate of the mixing layer. The frequency range is several times higher

than fg.

The control of separation from smooth surface (in which case the movement
of separation point should be considered) are mainly tested on airfoils. Zaman
et al. [9] conducted a careful study on a low-Re (4 x 10*) airfoil using external
acoustic excitation and found that for the angle of attack a < 8° (pre-stall region),
the effective forcing frequency St. (or effective St;) was in the range of 5~1
or lower; while for @ > 18° ( post-stall region), the St. range is about 4~25,
and the amplitude of excitation had to be large. They also observed that the
transverse velocity fluctuations near the airfoil induced by wind tunnel resonance
was crucially important for effective control in the post-stall region. The frequency
ranges were lower than the natural frequency of a free shear layer as predicted by
(2.3). But it was argued that, for small a, the St.-range, 5~1, was well below
Re%(’: 14), and the separation was from smooth surface, so that the receptivity
mechanism proposed by Goldstein [30] could be used to explain the generation
of amplified instability waves in the free shear layer, which in turn influenced
the separating flow. However, we note that for high angle-of-attack (a > 18°),
Zaman’s argument might fail because a large portion of the St.-range, 4 ~ 25
is not much smaller than Rei, although in this case it is still appropriate to
classify the leading edge separation as separation from a smooth surface because
the separation point on the airfoil can be moved to downstream (as far as 80%
chord in [18]), unlike the separation from a flat plate with sharp leading edge or
from a backward step with a fixed separation point. But the effects of subharmonic

frequencies mentioned above make the free shear layer instability remain as a
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possible mechanism for the high a case without the receptivity of Goldstein [30]
kind. On the other hand, another receptivity mechanism proposed by Goldstein
[31], which make it possible for low frequency disturbances to be able to excite a
much higher Tollmien-Schlichting (T-S) frequency due to the growth of boundary
layer around leading edge, might also be important in explaining this experiment
(by using (2.1) the forcing frequencies are found to be indeed lower than the T-S
frequencies). The “shedding” type instability seems not be important in this case,
since St, does not scale with a as in (2.6), but St, does have a trend to vary as
a, as indicated by the last terms of (2.1) and (2.3). This is a typical example of
the fact that different instabilities may be involved in one experiment while it is

difficult to know which is more important.

Hsiao et al. [11] studied the effect of the internal excitation on the leading
edge separation of an airfoil at the post-stall regime as well as the separation over a
circular cylinder. Their Rey, varied from 2.0 x 10* to 3.0 x 10°. The St.-range was
about 0.5~4.0, much narrower than 4 ~ 25 as in Zaman'’s case. The interesting
point is that, for both airfoil and cylinder, the most effective reduced frequency is
always equal to 2, almost independent of Rer and a. The success of the control
was explained by shear layer instability, which is however not quite consistent with
Eq. (2.4). The drop in lift coeficient for pre-stall a (~ 15°) was observed by Hsiao
et al. and Zaman et al. It was also observed that, at low a, the excitation effect

is very weak, similar to the results obtained by Ahuja [6].

The experimental study of the role of T-S wave in the separation control has
recently been done by a group of Russian researchers (see [32] and the references
cited there). Their work indicates that T-S waves are indeed excited by either
acoustic excitation or oscillating ribbon, and these vortical waves determine largely

the flow structure in the region of separation. The generation of perturbations at
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the start of the region of adverse pressure gradient was found to be decisive, while
the perturbation in the accelerating flow was not important because of their strong
damping. Transition to turbulence was observed, and its effect was shown mainly
in the turbulent reattachment of separation bubble . On the other hand, it was
emphasized that the filling of the velocity profile did not result from the flow
turbulization but took place in a laminar layer. Similar to this observation, Ahuja
[7] has proved that even turbulent separating flow was controllable by acoustic
excitation. Therefore, the transition might not be the unique mechanism in the
filling of velocity profiles (Fig. 1).

The above review clearly shows that the matching of experimental results with
the scaling rates of §2.1 is by no means as simple as one expected. As pointed out
by Smith [33], the separation links with various instabilities intimately, “partly be-
cause of the inflectional profiles and associated critical layers produced and partly
because of strong nonparallelism and nonlinear interactions”, various instabilities
do have important effects on separation controls. The effective frequencies are
usually lower than that of T-S wave and the K-H instability , but are higher than
the “shedding” frequency. The reason behind this is still not clear, but the study
of various receptivity mechanisms and the role of subharmonic of vortex forming
frequencies seems promising. In fact, Smith [34] stressed that one type of insta-
bility can induce other types and the combined instability behavior of separating

flow should not be ignored.

In comparing to the point of view of “adding momentum” near the wall (1],
the above phenomena may be better explained from the vorticity point of view,
for which an excellent example was due to Lighthill {35]. The vortical waves
and vortex interactions play important roles in the process of separation control

by unsteady excitation. Thus, three problems can be singled out [36]: (1) The
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Figure 1. Velocity profile filling due to excitation without turbulization. (a) Filling

of turbulent velocity profile (Ahuja, 1983). (b) Filling of laminar velocity profile

before transition point z, ® no excitation, x excited.
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receptivity problem, (2) hydrodynamic instability of separating flows, and (3) the
effect of amplifying vortical disturbances. The focus of the present study is on the
third problem, the effect of the amplifying vortical disturbances. We shall look
at the problem from the point of view of steady streaming to be discussed in the

next section. The relation of streaming and instabilities will also be covered.

2.3 Steady Streaming

In many experiments (e.g. [7],{12] and [18]) the shifting of separation points
and the filling of velocity profiles due to excitations are observed. This can cer-
tainly be attributed in part to the transition to turbulence induced by instabili-
ties. Then the separation control is achieved because of the enhanced turbulent
entrainment. However, this is not the whole story; the excitation might not cause
a premature transition [5], while the filling of velocity profiles may not be associ-
ated with transition [36], and the filling can be achieved for turbulent flow [7]. In
these cases, the formation of coherent structure or large vortices may be a possible

mechanism to suppress the turbulent separation.

Another mechanism that has never been explored before is the steady stream-
ing effect, which is due to the viscosity and nonlinearity of the flow. Basically, the
streaming is the non-vanishing, time averaged, steady effect generated in a peri-
odically oscillating flow. Therefore, it is natural to consider its effect in separation
controls by periodic forcing excitations. It is worth mentioning that this concept
is valid for both laminar and turbulent flow, and is not limited to velocity but also
valid for other physical quantities, such as vorticity and temperature (although
the word “streaming” came from the velocity consideration and widely used in

acoustics).
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The streaming phenomenon was first studied theoretically for the oscillating
flow with vanishing mean (with respect to time) by Rayleigh [37], who derived the
classical streaming law (Eq. (3.20) below). Stuart [38] introduced the concept of
inner and outer layers, as well as the streaming Reynolds member Re, = Uy? [nv.
The problem was also studied theoretically and numerically by Riley [39] and
coworkers [40]. For flow with non-vanishing mean, the problem is more difficult and
was studied by Lin [41] and others. Numerical calculation of the streaming effect
(including temperature streaming) for an attached boundary layer was presented
by Telionis and Romaniuk [42], and a rather complete account on the theoretical

and numerical results can be found in Telionis’s book [43].

In the framework of perturbation theory, streaming is a higher order steady
effect of the periodic perturbation with small amplitude, which can be handled by
carrying out perturbation expansion of the Navier-Stotes equation to the second
order. Because most of the theoretical works on streaming have been limited to
perturbation techniques which can only gives small effects, there might be some
doubt regarding its role in separation control. However, as Lin [41] has proved,
for large amplitude excitation, streaming is still a valid concept, and this can be

demonstrated by an excellent experiment due to Taneda [44] (Fig. 2).

In this experiment, the velocity induced by the rotatory oscillation of a cylin-
der was even larger than the free stream velocity. The wake behind the cylinder
was completely eliminated and the resulted flow looks almost like a potential flow.
No instability or resonance appeared in the experiment, hence the result can be
best explained by the steady streaming effect, although it is certainly not explain-
able by perturbation methods (X.H.Wu 1991, unpublished). It should also be
noted that even with a low excitation level, the excited waves may be amplified by

instabilities or other resonance mechanisms, so that a strong streaming can still
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Figure 2. Streamlines and streaklines around a circular cylinder performing a
rotatory oscillation about its axis in a uniform flow (Taneda, 1977). d = lcm,
Uso = 0.33cm/s, Rep = 35, f = 2Hz, St;, = 6, 0 = 45deg, z = Ut. (a) z/d =0
(b) 1.5 (c) 3.4 (d) 12.
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be achieved. For example, Kurosaka [45] used the streaming effect to explain the
Ranque-Hilsh vortex tube effect, which involves an amplification of streaming by
resonance [54]. In the experiment of Nishioka et al. [12] the time-averaged velocity
profile near separation was appreciably changed by the forcing excitation, which
can be attributed to the streaming effect (Fig. 3).

Moreover, in the studies of controlling the reattachment of airfoil and backstep
flows, Francis et al. [46] and Koga et al. {13] found that the moving velocity U,

of the reattachment point was related to the flow parameters by

UC ~ fL Uc ~ fh
Fo 08 and gt (2.7a, b)

respectively, where h is the height of the backstep. These two results are apparently
inconsistent. But Vakili (private communication, 1985) noticed that the two curves

would be well correlated if & is of the order of upstream boundary thickness, i.e.,

h ~ v/vL/Uy, since then, by (2.7b),

Ve  f [¥L _ [fv [fL
Usw UoVUsw VULVU'

which is in agreement with (1.7a) except for a dimensionless factor. Wu et al.

[3] notice that this factor is, however, precisely the dimensionless streaming layer

thickness, or

where Re, is the streaming Reynolds number. Hence the streaming effect does
play an important role (though implicitly in this example) in the shear flow control
by forcing excitation.

Accidentally we note that the streaming Reynolds number Re, appears in

the linear stability theory as F = 1/Re, (see §2.1), which may imply that the
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Figure 3. Mean velocity profile distribution with and without excitation on a flat
plate with angle of attack (Nishioka, 1990). Re; = 4 x 10*, o = 12deg; A no

excitation, o excitation at 200Hz, e excitation at 600Hz.
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streaming is inherently linked with instability. In terms of Re,, we could rewrite

Egs. (2.1a,b) as

Re, x Rei(%)% and Re, x Re%(%)%

for the lower and upper branches of the marginal stability curves. The interaction
of streaming and instability will be further demonstrated in Chapter 3. Finally, we
note that besides the amplification mechanisms mentioned above (e.g. instability
waves, resonance ), the strong upwelling velocity near the separation point is a very
important amplifier of the streaming effect in separation control. We shall come

to this fact in Chapter 3.

2.4 Forcing Excitation

Various forcing excitation methods have been used to generate the forcing
waves and to control the separation. As reviewed in Ref. [47], the forcing wave
can be either a longitudinal wave (including sound wave) or a transverse (vortical)
wave, and the exciting source can be either away from the separation point or
close to it (Fig. 4). Nishioka and Morkovin [48] have pointed out some inherent
drawbacks in using distant sources of sound waves. By contrast, the internal sound
wave excitation was found to save much more energy compare to the external one
[5, 11]. For vortical waves, they emphasized and will be shown below that what
is really relevant is the amplitude variation (rather than the amplitude itself) of
vortical waves.

A sound wave can excite the desired effect only after it is transferred to a
vortical wave by the wall adherence condition, which can be seen from the familiar
formula [35)

Op ar(z)

=o0(z) and = =

9
0y |y=0 oz ’

Oz y=0
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where 7 is the skin friction and 0 = —8w/dy (here w is the vorticity) is the vorticity
flux which governs the curvature of velocity profile near the wall.

Indeed, a comparison of earlier experiments on backstep flow control such as
[14], [16] and [18] shows that applying a forcing vortical wave directly and locally
is more effective. For separating flow over an airfoil, Zaman (8] emphasized that
the transverse velocity fluctuation (which is induced by the wind tunnel resonance
in this particular case) rather than the pressure fluctuation near the surface of
the airfoil is very important. Accordingly, Bar-Sever [18] used the oscillating wire
method to generate the velocity fluctuation or the vortical wave directly near the
leading edge, and he reported that the separation point can move from the leading
edge to as far as 80% chord.

Therefore, in the present analysis we assume that a local tangential oscillation
is directly produced by the vibration of a small piece of the wall, of which a possible
mechanism is sketched in Fig. 5. This model was chosen due to its simplicity, but
still, it might not be the best method. Other methods, like the oscillating flap
used in backstep flow control, or the oscillating wire method of Bar-Sever, could
be more effective because they could generate very strong vortical disturbances
in comparison to the method we used here, but the structure of the excited flow
is much more complicated and hard to analysis. In Chapter 3, we will further

simplify the forcing model to the level amenable to theoretical study.

2.5 Steady Separation and Triple-Deck Structure

As mentioned in the introduction, the triple-deck structure of steady sepa-
ration (from a smooth surface) is one of the most important discoveries in the
understanding of boundary layer separation. The well-known Goldstein singular-

ity of the boundary layer equation at the separation point can be removed by
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more careful matched asymptotic analysis where the classical boundary layer is
replaced by a three-layer structure. An excellent comprehensive review on this

topic is given by Smith [49)].

Principally, we may expect that higher order singularities would still occur be-
cause the approximation of the Navier-Stokes equation at any level is obtained by
neglecting certain physical aspect of the fluid motion and this ignorance could turn
out to be the reason for a singularity to occur in that approximation. Neverthe-
less, the triple-deck structure is good enough to reflect the strong viscous-inviscid
interaction near the separation point. We shall use the triple-deck theory as the

basis of this study.

According to the triple-deck theory, the flow displays a three layer structure
near the separation point (Fig. 6). They are the lower deck, main deck and upper
deck. The lower deck accounts for the viscous effect, where the governing equa-
tion has the same form as the classical boundary layer equation, the main deck
transmits the flow deflection generated by the lower deck to the outer edge of the
boundary layer, and the upper deck is governed by an elliptic differential equa-
tion which provides the upstream and downstream influence. The transmission
of the deflection of the streamline due to separation is reflected in the pressure-
displacement relation, which is the key essence of the triple-deck theory. In this
way, the strong effect of the separation on the local pressure gradient is taken into
account and the parabolic boundary layer equation is ellipticalized so ‘that the
strong interaction between the viscous layer and the outer inviscid layer is treated

correctly and the singularity is removed.

The scales of the three decks are determined by the small parameter ¢¢ =

Re™1/8 For the heights hj, hy, and h, of the lower, main and upper deck respec-
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Figure 6. The triple-deck structure. hy = 5L, hm = €§L, hy =1 =¢jL.
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tively, we have,

hiy=€lL, hm=¢esL, hy=¢}L,

where L is the characteristic length. The main deck has the same scale as the
boundary layer thickness. Unlike the boundary layer, however, the streamwise
scale of the triple-deck is confined in a length scale [ = £} L around the separation
point.

Here we would like to point out that the triple-deck structure described above
is constructed only for steady laminar boundary layer separation. For unsteady
separation, the unsteady nonlinear form of the triple-deck should be used. This un-
steady triple-deck structure controls both separation and the Tollmien-Schilichting
instability [21]. Thus, the problem is unsteady, highly nonlinear and non-parallel,
which is beyond the scope of this preliminary study. Fortunately, even though
our problem relates to unsteady separation, it is highly localized and our primary
concern is the time averaged steady streaming effect. Hence, we may still use the
steady triple-deck analysis to describe the basic steady separating flow and obtain
the correct order of magnitude for relevant physical quantities and then add the
periodic perturbations to the flow. As a consequence, the instability problem is

excluded.
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CHAPTER III

MATHEMATICAL FORMULATION AND ANALYTICAL RESULTS

While all previous works on streaming have been more or less confined to at-
tached flows, the occurrence of separation is the basic feature of the present study
which causes special difficulties, both analytically and numerically. Nevertheless,
we may still appeal to the perturbation technique to obtain approximate estima-
tions and even closed-form solutions. In this chapter we derive the first and second
order perturbation equations with proper boundary conditions with an assumption
that the basic steady separating flow is given. Then some analytical results are
presented, which are the extension and improvement of preliminary results first
arrived at by J.Z.Wu in 1989. The general perturbation equations are given in
§3.1, which are then simplified near the separation point based on the triple-deck
analysis in §3.2. In §3.3 we introduce the boundary vorticity streaming and its
flux and discuss the criterion of the shift of separation point. The qualitative re-
sults and achievable closed-form quantitative solutions are presented in §3.4 (high

frequency), §3.5 (moderate frequency) and §3.6 (Tollmien-Schlichting frequency).

3.1 General Perturbation Equations

Consider a two-dimensional, incompressible, steady separating flow (ug, vo, po)
over a bluff body at t = ty (see Fig. 7). Assume that an oscillating device located
near zo,, as sketched in Fig. 5, is turned on later, such that on a part of the body
the flow gains a streamwise periodic velocity with small amplitude in comparison
with the oncoming velocity Us. Then we shall study the localized perturbation

problem near the separation point (Fig. 7b). Let n be the circular frequency of
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Figure 7. The steady separating flow over a bluff body. (a) Flow over bluff body.

(b) The locally enlarged flow near separation point.
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the forcing oscillation, and introduce two independent small parameters

i

o = Re /8 = [ 2— ’ 1 3.1a
i
e=St"1? = (Uﬁ) <1, (3.1b)
nL

where v is the kinematic viscosity and L is the body length. The third important

parameter is the ratio of ¢ and ¢:

a=2 = (i)% (3.1¢)

€ Re‘}

The dimensionless governing equations, scaled by Ue, L and n™! are

uz + vy =0, (3.2a)
€ 2uy + uug + vuy = —pr + Eg(Usz + Uyy), (3.2b)
€7 %uy + uv, +vvy = —py + €5(Vzz + Vyy), (3.2¢)

along with boundary conditions

u=1 v=0, as y— oo, (3.3a)

u=aA(z)e", v=0, aty=0, (3.3b)

where A(z) < 1, and the constant a < 1 is the maximum forcing amplitude. Only

the real part of a complex variable will be taken in the final analysis.

The solution of (3.2) and (3.3) can be developed as
(U,U,P) = (an UO,PD) + a(ulvvl’pl) + 02(u27v2,P2) +... (340.)

where

(ul»vl,Pl) = (aaaa 5)6“ (34b)
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is the first-order perturbed oscillating fiow; and

(u2) Uz,pg) = (uaa vl,po) + (u22, v22’p22)62“ (346)

is the second-order flow, with (u,,v,,p,) being the time-independent streaming

components. The boundary conditions for (u,) and (u,,v,) are
(3.5a)

and

(3.5b)
u,=v,=0 aty=0.

Substituting (3.4) into (3.2), for the amplitudes (u,7,p) we have the linearized

equations

u; + ﬁy =0, (3.6a)
(i‘f—2 + uO:)a + uoti; + Uoﬁy + uOya = —ﬁt + 5(8)(az:z + ayy)a (36b)
(1e™? + Voy )0 + uglz + Voly + vos Ul = =Py + eg('ﬁu + Dyy), (3.6¢)

and for the streaming components (u,, vy, Ps),

Usz + Vsy =0, (3.7a)

Ugzls + Uolys + Volsy + YoyVs = —Paz + Eg(Uszz + Usyy)
~ (u1u1z + v1u1y), (3.7b)

VoyUs + UoVsz + VoVsy + Vozths = —Pay + €0(Vazz + Vayy)
= (urv1z + V1v1y), (3.7¢)

an overbar implying time-averaging over a period.
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We now change the scales for the basic steady flow and the perturbed time-
dependent flow based on their respective physics. At this stage, it is convenient

to rescale (ug,vg, pp) according to boundary layer scales. Let
Y=¢3'y, Vo=¢g'w, (3.8)

such that in an attached boundary layer, Y, V, = O(1), and the continuity equation
gives

Upr + VOY =0. (39)

Some coefficients in (3.6) and (3.7) then become
vo = €aVo, uoy = €5 oy, vor =¢€oVor, voy = Vov. (3.10)

When z — zgs, Vo, uoy, Vor and Vyy are no longer of O(1) and should be re-
estimated by using the triple-deck theory, as will be done below. On the other
hand, for ¢ <« 1 it is expected that, at least near the wall, the oscillating motion
of fluid is balanced by the viscous diffusion. This leads to a diffusive thickness of

oscillating layer (Fig. 8) 65, where

_ 1 v 4
6;/L=L\/:_seo<<1. (3.11)

Thus in (3.6) and (3.7), for the unknown variables (%, ), (u,, v,) and their normal

derivatives, we introduce a rescaling factor Ly/n/2v, such that

y = V2eedn, 5=V2edV, v, =V2eelV,, (3.12)
where 7 is the scaled normal coordinate in oscillating layer, which is depicted with
other normal scales in Fig. 9. For attached flows (n,f}, V,) = O(1); but once

more, as £ — Ty, the order of magnitude of these quantities may change, because
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Figure 8. The oscillating layer.
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Figure 9. The normal scales in the triple-deck region. The shaded region represents

the oscillating layer.
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the strong normal convection drastically alters the normal extension of oscillating

flow.

Nevertheless, by (3.10) and (3.12), (3.6a, b, ¢) are recasted to

i, +V,=0, (3.13a)
. ~ Vo~ R ~
(i + ug )0 + e—ou,, + e2uyt, + V2e3ugy V
V2
1. . .
= Eu’l’? + 62(—1)1 + 58“:2)3 (313b)

3 {2(2' +e2Voy W + e2uo V. + V2e(Vo ¥, + Vozz’I)}
= —py + 3V + 2623V,,). (3.13¢)
These rescalings are of course applicable to (3.7) as well, yielding that

Ugz + Voy =0, (3.14a)

€ r
52(“0:“3 + Uouu) + 7—5%”."7 + \/§€3u0YV9

1
= Eu,m, + 5258'“3:: - 52(173; + UiUyz -+ .‘/].U]n), (314b)

8 {262 (Voy Vi + uoVau) + V2e(Vo Vi + Vosus) }

= —Dan + €5 (Vang + 26%e5Vizz) — 26%€q(u1 Vaz + ViViy). (3.14c¢)

Recall that if the basic steady flow remains attached, the lowest order ap-

proximation of (3.13b,¢c) is
Upp —20u=0, p,=0, (3.15)
which, under condition (3.5a), yields the well-known Stokes sublayer solution

i(z,n) = A(z)e” 1+, (3.16)
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Correspondingly, (3.14c) reduces to
Py =0,
showing that p, equals its value at the outer edge of viscous oscillating layer; hence
—a’p,; = a4(u,u,, + VyVsz )0 = O(a")
which is negligible. Then (3.14b) simply gives
Uggy = 262 F(z, 1), (3.17)

where

F(z,n) = uiuyz + Viugy
1. A ~ ~ (3.18)
= '2'(ururz: + uuyr + Vrurn + ‘/iuir))

is the Reynolds stress due to nonlinear convection, with r and ¢ indicating real

and imaginary parts respectively. For the present case, by (3.16) we obtain
F(z,n) = -i-(A2)'(e'2" + e "sinn) (3.19)
and hence the solution of (3.17) with (3.19) and (3.5b) is
€2
uy(z,n) = -3 (A?)(3 — e~ 2" — 2¢""cos ), (3.20)

which is the classical result of Rayleigh’s streaming law. In deriving (3.20) we

have added a boundary condition

u, is finite asn — oo. (3.21)

3.2 Perturbation Equations near Separation

As £ — Zg,, the order of magnitude of those coefficients in (3.13) and (3.14)

need to be re-estimated according to the triple-deck theory [49]. Table 1 lists
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relevant results based on boundary layer scales (cf. Fig. 9) with triple-deck and

oscillating layer parameters € and ¢, as well as their ratio a, defined by (3.1a, b, c).

Table 1 Orders of Magnitude in Triple-Deck Flow

Az AY oz, Vov Vo Ugy Vor

Upper deck 3 et 5! €2 €3 £g°

; Main deck €3 1 €5 €5’ €o €
| Lower deck 1 €3 ey’ g’ 1 et
Osc. Layer €3 € €y’ €g e a €€

From Table 1 we notice that, as long as ¢ < 1, (3.13b,¢) can be simplified as
Uy — V2eVoiiy — 2(i + €20, )a = 0, (3.22a)
Py =0. (3.22b)
Multiplying both side of (3.22a) by a? and using (3.9), we then have
a?(ilyy — 2i8) — V2(Voil, — Vo,t) = 0, (3.23)

where 170 = a2eV,. We see that the first two terms of order O(a?) represent the
viscous and unsteady effect respectively. The last two terms account for convection
effect and their order of magnitude should be estimated by the oscillating layer
scale, which are O(1) from Table 1 and (3.1c); but in the following study, they

will be estimated according to the scales to be used, such as the main deck and

lower deck scales. Similarly, (3.14b, ¢) reduce to
Ugpn — \/§€VOU."’ - 252110311. = 262F($,T]), (324(1)

Py = 0, (3'24b)
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where (3.24a) can be further recasted to

Hence, only streamwise components # and u, need to be studied, showing the

vortical wave property of the oscillating flow.

Egs. (3.23) and (3.25) will be used as basic equations for further analytical
study. We see that the Strouhal and Reynolds number ratio a, is indeed an
important parameter determining the nature of solutions. In fact by (3.11), we

find that the thickness ratio of the oscillating layer to the lower deck,
b a™l, (3.26)

also depends on a. Thus the essential role of a is to determine whether the
oscillating layer is confined in the lower deck or enters the main deck. Therefore,
analysis starting from (3.23) and (3.25) has to be further divided into three cases

with @ > 1, a € 1 and a ~ 1, respectively (see §3.4 ~ §3.6).

3.3 Boundary Streaming Vorticity and Its Flux

To study the time-averaged shift of separation point due to streaming, two

quantities are of crucial importance. one is the boundary streaming vorticity
ws(z,0) = —u,y(z,0), (3.27)
which directly relates to the streaming wall friction 7,(z) by
w,(z,0) = —60-87'.(:1:),
hence the shifted separation point z, is determined by the condition

wo(z,,0) + w,(z,,0) =0. (3.28)
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Another important quantity is the streaming boundary vorticity flux, defined as
0s(z) = —58way(3, 0) = 58“-”(3,0)’ (3.29)

of which an observation may provide some insight to the physics involved iu ihe
shifting of z,, since this flux measures the vorticity production from the wall. By
the well-known relation [35]

o(z) = gf R (3.29)

it is clear that the separation will be delayed if the streaming causes an additional

time-averaged favorable pressure gradient.

It should be emphasized that Eq. (3.28) is applicable only to the time-averaged
shift of separation point. For an unsteady separating boundary layer, it is known
that the instantaneous separation point does not coincide with the point on the
wall with vanishing skin friction (or boundary vorticity); in fact the separation
point may be located inside the fluid. However, this complexity can be avoided
here, since our concern is only the time-averaged steady effect rather than the
transient movement of separation point. Then, owing to the periodicity, the first
order effect of the wall oscillation on the instantaneous movement of separation
point is canceled by taking average, and to the second order only the streaming
effect is left. Therefore, the resulted flow is still a steady one and the use of
Eq. (3.28) is justified. Meanwhile, the time-averaged separation point, if any,
should be on the wall instead of inside the fluid.

3.4 Very High Frequency: St>» Ret

We now consider the extreme case with a = (St/Re'/4)!/2 > 1. In this case

the oscillating layer is, by (3.26), much thinner than the lower deck (Fig. 10).
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The lower-deck equations are of the same form as the classical boundary layer
equations, except that the pressure is unknown. Thus the behavior of oscillating
layer within the lower deck is similar to that of an attached boundary layer.

To use perturbation method (which is regular), Egs. (3.23) and (3.25) can be

recasted to

Tgy — 2i6 — V262 (Voily — Vo = 0, (3.30)
Ugnn — \/552(‘70%7; - ‘7011“3) = 2€2F($, n), (3.31)

where § = 1/a (< 1) is a small parameter. Assume

"~ 8
u=uo+-ﬁu1+..., (332)

2
u,=u,o+\—/—§u,1+..., (333)

we find that the zeroth order equations of 4 and u,, are the same as (3.15) and
(3.17), and the solutions are therefore given by Eqs. (3.16) and (3.20) respectively.

In terms of 5, by (3.12) the boundary vorticity is

2
weo(z,0) = —%e'leo“‘u,n(:c,O), (3.34)
thus from (3.20),
weo(z,0) = —I—-azeeo"(Az)'. (3.35)

2v2
Moreover, by (3.28) and (3.17),

o0(z) = %5-%,,,,,(:,0) = F(z,0) = %(Az)', (3.36)

which is indeed proportional to the wall Reynolds stress.
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Figure 10. Flow pattern with a > 1. The oscillating layer remains in the lower

deck.
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Therefore, for very rapid forcing oscillation with St > Ret, to the leading
order, the streaming is independent of basic separating flow structure, and the sign
of w,(z,0) and o,(z) is the same as that of (42)'. Since wy < 0 before separation,
(3.34) and (3.35) clearly show that in the local region near zo, a decreasing A(z)
may delay the separation. Note that the device shown in Fig. 5 does provide a
possibility of such type of A(z). These results have been confirmed by numerical
computations (Chapter 4).

In order to examine the influence of basic separating flow to the streaming,
the above analysis has to be extended to O(a~?) order. From (3.30) and (3.32),
we have

Uppy — 20Uy = 2(‘706(»; = f}oqao)- (3.37)

Then, letting
& = A(z)f(z,n)e” 07,

and using (3.16), we get
fan = 2(1+ i)fn = -2(1+1¢)H(z,n),
subject to the boundary condition
f is finiteasp - 00, and f=0 atn=0,
where H(z,n) = Vo — 170,,/(1 + ). Hence we obtain
n oo
fam=20+3) [ dr [ B0 expl-21+i)e mide
0 i d

where 7, p are integration variables. Interchange the order of integration, it follows

that
n o0 ‘
f(-‘r,n)=/ H(z,g)dg—/ H(z, o)e~20+02d,
0 0

+/ H(z,g)e'z(l"'i)(""’)dg. (3.38)
n
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Therefore the full first-order oscillating solution is

2

uy(z,n) = @(z,n)e' = A(z) [1 + %f(:c,n)] e et (3.39)

Note that u decays exponentially.

As to the full second order streaming effect, denote

2
F(z,1) = Fole,m) + %Fl(z,n) Fo (3.40)

then from (3.31) and (3.33) we have O(§?) equation
Usinn = 2 Fy + Votsoq — Vontiao) (3.41a)
with the boundary conditions
uy; 1s finite asn — oo and u,; =0at n=0. (3.41b)
Eq. (3.41) can readily be integrated.
It remains to calculate F(z,n). Splitting f(z,n) into real and imaginary parts:
f=f+ifi

then by (3.39) we have

—_— 1 -2n 1 2\ 6 2 2
Uil = 56 {E(A ) + 75'(14 f,-)z} + 0(6 )

Moreover, from (3.39) and the continuity, and note that f(z,0) = f.(z,0) = 0, we

get

where, by (3.38),

" .
h(z,n) = h, + th;i = / freQ+=n)g,
" ° oo _
=2{/ f}'oe(l+i)(n—r)d.,. _/ Voe(1+i)(n—2r)d7.
0 0

w ~
+ / Voe-2<1+‘><'-">dr} _
n




On the other hand, it follows from (3.39) that

~ ) : §2
Ty = AL +0)e" (14 =),

where
(em) = 0o +i0i= f =
gz,n)=4gr gi = 1+i"
7]~ oo~ . oo~ )
=/ Vodr—/ Voe“2(l+')'d‘r—/ Ve 2+0(r=nlg,
0 0 7

Therefore, a straightforward calculation yields the Reynolds stress F(z,n) as in
(3.40), where Fy(z,n) is given by (3.19), while

2y
F1(-‘Ca77) = (_A;i—). [e—zn(zfr - fi + hi +gi)
2

: Af
+ e g, sinn — gi cosn)] + 5 M(frg = fiz + hiz)  (3.42)
gives the O(6?) order correction.

Note that since f,g and h all vanish at n = 0, we have F(!)(z,0) = 0 and

F(z,0) = Fy(z,0) = %(A’)' + O(8%). (3.43)

It then immediately follows from (3.36) and (3.31) that
1 -2 1 2\
U,(l‘) = '2_6 u,,,,,(l‘,()) = FO('T’O) = Z(A ) ’ (344)

which is exactly the same as (3.36). Thus if a >> 1 the effect of basic steady flow
to streaming vorticity flux is at most O(6*) order. However, this is not the case
for the streaming boundary vorticity. Rather, by integrating (3.41), we generally
obtain a nonvanishing w,; = u,1,. This O(8?) correction to streaming boundary
vorticity comes from redistribution of streaming vorticity inside the fluid due to
the basic steady convection rather than being newly created from the wall. Its

quantitative effect will be discussed in Chapter 4.
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From the above analysis, we see that the oscillating flow is only influenced
a little (as small as an O(6*) effect) by the steady separating flow, so we expect
that it is confined in the oscillating layer (Fig. 10). This can be made clearer by
observing the (3.30) in terms of the lower deck scale z = v2a~'n which is much

-2

thicker than oscillating layer. Now we have 4, = V2a~%, and Upy = 207 °U,,,

so that {3.23) becomes

U, — 1028 — (Voii, — Vp,1) = 0, (3.45)
where V; = €oVp = O(1) order in lower deck and thus Vo: = O(1). Therefore, the
leading order in (3.46) is O(a®)(>> 1) and which leads to a solution

=0, (3.46)

This result does confirm the above assessment. Moreover, by some straightforward
derivations, it can be shown that the solution of (3.30) is in fact the inner solution
of Eq. (3.45) with the outer solution being given by (3.46). Similar discussion in
main deck leads to (3.46) as well.

§3.5 Moderate Frequency: 1<« S5t< Re*

The case of external excitation with @ <« 1 has been analyzed by Goldstein
[26] where the streaming effect was found to be small. Let us re-examine the flow
structure in the triple-deck region with our internal excitation (i.e. the tangential
wall oscillation). In this case the oscillating (Stokes) layer occurs in part of the
main deck as well as the whole lower deck.

We seek the solution of Eq. (3.23) by using the perturbation method with
a(< 1) as the small parameter. The perturbation must be singular and an inner

layer should be introduced. Suppose

u=uyg+a‘'uyy+auy+...,
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and substitute it into (3.23), we have

—Votioy + Vonlio =0, (3.47a)
~Voliry + Vogtiy = ?ﬁ\}—f"ﬂ (3.47b)

and so on. The solution of (3.47a) is obvious:
@ = CVh, (3.48)

where C is a constant to be determined by the boundary condition (B.C.). Because
(3.48) will be used to derive the upper B.C. of the inner equation by matching
with the inner solution at 7 = 0, the constant C in (3.48) should be determined
by the B.C. at n — oo. Interestingly, two possibilities arise when considering
the boundary condition at n — oo. First, if the conventional concept of Stokes
layer is still valid, we would have ¥y — 0 as 7 — oo, but since Vo = 0(1), we
obtain a trivial solution with C = 0. However, this implies that the Stokes layer
dose not exist at all, leading to a contradiction (for att;ched boundary layer,
Vo = O(eq?), such problem does not exist). The other possibility, which is more
self-consistent and physically acceptable, is that the Stokes layer concept coming
from the attached flow must be altered near the separation point: the oscillating
flow is convected upwards by V; into the main deck and further into the separating
shear layer. The constant C should then be determined by matching (3.48) with
the perturbed outer shear flow. This constant might coincide with the coupling
coefficient obtained by Goldstein [30] which controls the receptivity mechanism
generating Kelvin-Helmholtz instability waves. If this is so, similar receptivity
behavior can then be obtained for internal excitation as well. However, we shall
not go into such stability analysis; what we need to draw from the above discussion
is only the conclusion that the physically acceptable value of constant C must be

non-zZero.
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Then it is not difficult to obtain the closed form solution of the first order

equation (3.47b). We have

and hence

(3.49)

where C; = (@1/Vy)e needs to be determined by matching with the outer shear
flow.

It is obvious that (3.48) can not satisfy the boundary condition at n = 0
which is © = A(z), since CVy(z,0) = 0. Thus we have to introduce an inner layer.

Setting z = V2a~1n, which yields
U, —ia? — (Vid, — Vo, u) =0 (3.50)
in the lower deck, where V, = g¢Vy = O(1). The boundary conditions are

u is finite as z — oo, (3.51a)

u= A(z) at z =0. (3.51b)

Note that a direct matching with the outer solution by using the limiting matching
principle (van Dyke 1975) would give & — 0 as z — oo which is doubtful from
physical point of view. Hence there seems a need of an intermediate expansion
for matching the inner and outer solutions. By (1.2) and (3.12), Eq. (3.1) gives
y = €3z, which is precisely the scale of the lower deck and independent of the
frequency. Now, no matter how small o is, since as z — 0 we have Vg ~ z% and
ugs ~ z, which can be made even smaller than o?; thus there always exists a thin

Stokes layer near the wall, where the flow is still governed by (3.15) with u = A(z)
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at z = 0, and is therefore inherently unsteady. Then, as z increases, the O(a?)

effect can be neglected and (3.50) gives a quasi-steady flow
azz - ‘/Oaz + VOzi = 0, z> a2,

which is in agreement with the quasi-steady nature of the trailing edge analysis

by Brown and Daniels [50].

The qualitative behavior of %(z, z) can be estimated by rewriting (3.50) with

(3.51) as an integral equation
: ® 5 7 Vod
fi=A+/ d‘r/ Voc,e—fr °**PUdo. (3.52)
0 T

Here, for z < z¢, we may roughly take ¥ > 0, V;; > 0. Because i(z,0) = 4 > 0,
7 must be positive for z < 1. Then the integrand of (3.52) is positive, hence u
increases as z. It finally approaches constant as 2 — oo, because by (3.50) and

(3.51a) we have
(2, 2) = / Tore™ Ji Y4754, (3.53)

which decreases to zero at infinity.
The second order streaming equation (3.25) can be solved in the way similar
to solving (3.23), and similar problem of boundary conditioning could be expected.

Substituting

u,=u,o+azu,1+...,
F(%TI) =Fo(1,’1)+02F1(-’5,7I)+---

into (3.25), we have

‘70usOq - %nuso = —\/E&'%Fo(z, ), (3'54)
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where Fy(z,7) is given by (3.18) in terms of Vp. Integrating (3.54) gives
o0
Uy = Vo [\/563/ F—(‘;—;rﬁdn + C2 y (355)
n 0

where C, = (u,0/Vo)oo is to be determined by the matching mentioned above.
Generally, u,(z,0) # 0, indicating that an inner layer should be introduced again,
and the governing equation needs to be solved numerically.

We conclude that when St < Re* the wall oscillation excites an unsteady
layer which is first damped in the viscous (inner) layer and then convected away
with the separated shear layer and at meantime amplified (Fig. 11). The instability
problem has to be studied to determine the streaming effect which is our main
concern. Later on, we shall see from numerical experiments that the streaming
is stronger for lower frequency excitation and the movement of separation point
is not negligible. This is different from Goldstein’s conclusion and may imply a
different control mechanism of the internal excitation.

It should be kept in mind that the smallness of ¢ is assumed in our entire
study, although a < 1 in the above discussion. This is necessary to obtain the
ordinary differential equations (ODEs), such as (3.23) and (3.25), which are more
tractable analytically. However, these ODEs imply that the downstream effect
of the wall oscillation is always lost, hence our simplification is too localized to
deal with large scale streaming phenomena. This limitation will be seen from the

numerical results in Chapter 4.

3.6 Tollmien-Schlichting Frequency: St ~ Ret

We now consider the case with St ~ Re% in which the oscillating layer has the
same scale as the lower deck. It is seen from (3.23) and (3.25) that all the terms are

of O(1) and mutually balanced, and the equations have to be solved numerically.
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Figure 11. Flow pattern with a <« 1. The oscillating flow is convected upward

into the outer shear layer by the strong normal velocity near the separation point.
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Nevertheless, we know from the last subsection that when the oscillating layer
is much thicker than the lower deck (a < 1), the oscillating flow is convected
upward with the shear layer in the main deck. Therefore, it would be of interest
to examine the equations in the main deck for the present critical situation.

For this purpose, we rewrite (3.23) and (3.25) in terms of main deck scale as
Egayy - Vo‘ay - (i02 - Vo‘y)ﬁ =0, (3.56)

2usyy — Vo'uay + Voyu, = 0F(z,Y), (3.57)

where V;* = ¢2V,. Estimated in main deck, both V" and Vgy are found to be
of O(1) from Table 1. To solve the equations, we need to carry out singular
perturbation with respect to the small parameter €. It is easily seen that the
inner layer is just the lower deck and the recasted equations in the lower deck are
equivalent to the equations in the oscillating layer, Eqgs. (3.23) and (3.25). Hence
the inner solutions of (3.56) and (3.57) are nothing but the solutions of (3.23) and
(3.25) respectively.

To get the outer solutions in main deck, expand u as
~_ 0~ 2~
u=1ug+ U1 +...,

we have

—V3 oy — (ia® — Voy)io =0, (3.58)

—Vo"fily - (ia2 - Vo‘y)ﬁl = —aoyy. (359)

They can be solved as following. Eq. (3.58) can be written as

(%),/ )=
Ve /vyl \Vo Ve’

o
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which yields

Ty = C3V0‘exp(ia2 ‘}‘ dY) (3.60)
Y 0

at once. Then Eq. (3.59) can be written as

®),50)-%
Voly Ve \Ve Vet
and the solution is

Y ~ e oo
- . u ) dr , dr
4, =V [/oo %&"—exp(zaz/}, T/o—‘)dg-*- C4exp<za2/y -‘-/;; ] (3.61)

The constants C3 and C4 which have the same form as C; are to be determined

by the B.C. at the upper boundary of the main deck. The same problem arises
for the boundary conditions there as in the case with a <« 1. In fact, Eq. (3.60) is
quite similar to Eq. (3.48) except that now @ is unsteady and also oscillatory in Y
direction. The similar amplifying mechanism is expected; however, it is not clear
whether this solution matches the Tollmien-Schlichting or Kelvin-Helmholtz wave.
Nevertheless, since the oscillation term in (3.61) is bounded by 1, the amplification
rates in (3.61) and (3.48) are the same.

Finally the outer solution of (3.57) gives the streaming effect in the main deck.
It has the similar form as (3.55) and will not be repeated here. We conclude that
once the oscillating flow extends into the main deck, it is amplified and convected
upward into the outer shear layer. Unlike the a <1 case, the flow is unsteady to
the leading order in main deck. Again, without matching with the shear flow in

the upper deck and beyond, the problem can not be fully solved.
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CHAPTER IV

NUMERICAL COMPUTATION AND RESULTS

In the previous chapter, we studied the behavior of local oscillating flow and
the induced streaming effect near the separation point analytically and obtained
some quantitative and qualitative results. In the analysis we assumed the basic
steady separating flow was given, so in this chapter, we shall calculate two types
of steady separating flow first, a breakaway separation and a separation bubble.
Then the perturbed flow will be solved numerically by using (3.22) and (3.24) (or
(3.23) and (3.25)). The numerical results will be checked against the analytical
ones and provide clearer physical pictures of the problem. Note that due to the
limitation of our simplification and since we leave the instability problem aside,
these results are only preliminary and by no means reflecting the complete picture

of the reality; however they are very helpful for further studies.

In §4.1, we establish an approximate model for the basic velocity profiles of
the breakaway separation. The separation bubble modeling is presented in §4.2,
along with a brief discussion of the numerical procedure for solving the bubble
flow based on boundary layer equations. In addition to the analysis in Chapter 3,
a supplementary study of Eqs. (3.22) and (3.24), including boundary conditioning
problem and the numerical procedure to be used, are given in §4.3. Finally, the

numerical results and discussion are presented in §4.4.

4.1 Breakaway Separation Modeling

To perform calculations, it is necessary to know the basic steady velocity

profiles ug and Vj (assumed given in the perturbation analysis) near the separation
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point. These data may be obtained from the proper triple-deck solution of the
breakaway separation from smooth surface [51]. Since our major concern here is
the shift of separation point represented by the relative amount of the boundary
vorticity of the basic steady flow, wo(z,0), and that of the streaming flow, w,(z,0),
only the solutions in lower deck (or a sublayer of lower deck) are involved if a 21,
in which the normal distance ¥ (in boundary layer scale) is always small. This
allows us to approximate (ug,Vs) by normal Taylor expansions and avoid the
necessity of re-calculating the whole triple-deck solution.
In fact, we have

2

Y
uo(z,Y) >~ Yuoy + S uoYY,

2

Y? Y
Vo(z,Y) >~ —2—Voyy + —3;-Voyyy,

where the derivatives are estimated at Y = 0, thus by using (2.9) and the relations

—4
wp = —&j Uoy, G0 = Poz = YovY| -

we obtain the approximate expressions of coefficients in (3.22a) or (3.23) and
(3.24a) or (3.25) in terms of boundary vorticity wo and its flux oo (or tangential

pressure gradient po.):

Ugz = —ﬂeegnwo, + 6277200,

= —V2¢eeonwy g + €765 0’0y 3 (4.1a)
= —egzwoi- + %e{lzzaoi;,

Vo ij(e(‘,wo, = '3-001)
= e*eon’(w, 5 — —\g—ise{{‘nao} (4.1b)

1 1 _
= -sgzz(wog - —e5%20

5 3 o%)
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where X = €5 3(z — zo,) is the streamwise coordinate of triple-deck. In (4.1), wo
and o, are easily inferred from the numerical result of Smith [51]. Expansion to
higher orders are possible but seems unnecessary.

Strictly speaking, Eq. (4.1) is not uniformly valid in the sense of matching
asymptotic expansion, since the error grows unboundedly as n or z approaches
infinity. But interestingly, a comparison of the present result with the recent
study by Shen and Ma [52] with the full triple-deck numerical solution instead
of the Taylor expansions showed that, using (4.1) does not cause large error in
the resulted streaming as long as a is large enough. But for smaller a, such as
a < 1 typically, the oscillating layer is thicker and the computation based on the
Taylor expansion becomes sensitive to the choice of the upper boundary of the
computational domain where the B.C. of infinity is imposed (this problem will
be addressed in more detail in §4.4.). However, no such problem occurs when
we carried out the calculation with the closed separation bubble which is solved

numerically.

4.2 Separation Bubble Modeling

In this subsection, we briefly discuss the numerical method of modeling sep-
aration bubble. This can be done based on the boundary layer equations, which
simplify the calculation drastically since the integration by forward marching can
be used and there is no need of downstream boundary conditions. There are sev-
eral methods for calculating separation bubble by assuming a given distribution
of either skin friction or displacement thickness. Here we shall adopt the method
developed by Carter [53] which is based on given displacement thickness. In fact,
Carter found that the computation fails to converge for relatively large bubble if

the skin friction is given.
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The dimensionless boundary layer equations for two-dimensional, laminar,

incompressible flow are

u +Vy =0 (4.4a)
uuz + Vuy = UU; + uyy, (4.4b)
with boundary conditions
u(z,0) =V(z,0)=0 (4.4c)
and
u(z,Y) > U(z) asY — oo, (4.4d)

where Y is the boundary layer scale, V is the scaled normal velocity, U is the
velocity at the edge of the boundary layer. For present application, we introduce

the vorticity w = —0u/8Y and the stream function ¥, so that (4.4a-d) are recasted

to
u=Vy, V==Y, w=-Vyy, (4.5a)
w; + Vwy = wyy, (4.5b)
with
u(z,0) = ¥(z,0) =0 (4.5¢)
and
v - UY -6%), (4.5d)
where

Y
5_A (1- )Y

is the displacement thickness. Then introducing

=¥ —u(Y - 6%), (4.6)



we obtain a set of equations to be solved numerically:

by = (¥ = 6", (4.7a)
wwy = (% + (¥ = 8" Ju)owy = wyy, (4.75)

subject to boundary conditions
u(z,0) = ¢(z,0) =0, (4.7¢)
w(z,Y), ¥(z,Y)—>0 asY — oo (4.7d)

In our calculation, we do not follow Carter [48] to transform the normal coordinate
Y, since the same grid will be used to compute Egs. (3.22) and (3.24) for which
the uniform rectangular grid is more convenient.

In the calculation, §* is assumed to be given. To be flexible in computing
different bubbles, §* is prescribed artificially according to Carter. We use poly-
nomials to construct §*(z) which are smooth and has a maximum in the interval
[zo, 2], while matching the Blasius flat plate solution at the two ends of the in-

terval. Specifically, we have, for ro <z < 7,

§*(z) = ay + az(z — o) + as(z — 20)? + as(z — 70)°, (4.7a)
and forz; <z <14

6*(z) = by + bz — z1) + ba(z — 21)% + by(z — 1) (4.7a)

The constants a; to as and by to by are so determined that, at z = zo, the pre-
scribed 6* matches with the value and slope of the Blasius flat plate distribution,

then at r = z;, 6* reaches its maximum value ég,,, and at z = 2, 6* has a
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and at z = z, 6* has a minimum which is generally chosen about the same as
the Blasius flat-plate value at that particular z location. Following Carter [53],
we may have

zo =10, z; =135 =z, =1.884,
ay = 17208\/5?7, az = 0.5 x 17208/ xy, 4z = —(11/(3({{) - 202/(3d1),
by = 6%, b =—3(by —2.25)/d%, b3 =2(b —2.25)/d},

where d; = r; — 29 and d; = 72 — z;, and 6%,, can be chosen to give bubbles
with different size. A curve of §*(z) is given in Fig. 12 for 63 ,, = 4.5, and the
corresponding separation bubble flow is in Fig. 13.

The solution procedure of (4.6) have been given in detail in Ref. [53]. Both
forward-marching and global iteration procedures [53] are used in our calculation.
It is straightforward to work out the algebraic changes in the scheme because of
not using the transformation of normal coordinate. These minor changes does not

affect the performance of the algorithm and the scheme without transformation

works as well as the original one.

4.3 Numerical Procedure for Solving Streaming Effect

Having had the basic steady separating flow, we can obtain the streaming
effect by solving (3.22a) and (3.24a). The equations are repeated here for conve-
nience of the following discussion. We have, for oscillating flow, the homogeneous
equation

Uy — V2eVoily — 2(i + €%u; )8 = 0, (4.8q)
with non-homogeneous boundary conditions

~

u

= A(z) and t7| is finite, (4.8b)

‘n=0 n—00
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and, for second order streaming, the non-homogeneous equation
Usnp — \/§€Voum - 252“0:“3 = 262F(:L‘,77) (4'9(1)
with

=0 and u, is finite. (4.9b)

n=0 7} —00

Uy

A simple finite difference scheme is used in solving Egs. (4.8) and (4.9). The
derivative terms are discretized on uniform meshes by using central difference so
that the scheme is of second-order accuracy, and the resulted linear systems can be
solved easily be the usual tridiagnol solver (the complex linear system obtained by
discretizing (4.8a) can be solved virtually by the same tridiagnol solver with some
minor changes). It should be noted that ug, becomes negative near the separation
point which may cause the tridiagnol solver to be unstable, because no pivoting
was used. In the computations, we used a solver with double precision and iterative
improvement, and obtained accurate results without numerical instability. In fact,
same results were obtained when the Gauss-Jordan elimination with full pivoting,
which is much slower, was used to solve the linear systems. The fact that the
scheme is stable may be due to the smallness of uo, though it is negative. The
solution procedure starts with solving (4.8) which yield the forcing terms F(z, n)
in (4.92), and then solve (4.9) to obtain the streaming velocity. The shift of
separation point can be seen from the calculated skin friction distributions.

Although the solution procedure seems easy, however, we need to look at the
equations and the boundary conditions more carefully. The boundary condition
at n = 0 is clear, but we have seen in Chapter 3 that the boundary condition at
the upper edge of the oscillating layer (7 — oo) needs to be specified by matching
with the outer solutions in the main deck or lower deck, depending on the order

of a. Unfortunately, this matching can not be determined for o % 1 since the
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outer solutions are not available. Therefore, we assume that @ and u, approach
constants as 7 — oo instead; or equivalently,

u, —0 and u,, — 0. (4.10)

n—00 n—o0
This is more restrictive than (4.8b) and (4.9b) mathematically, but it may give
reasonable results and is possible to be implemented. The validity of (4.10) can
be justified only by looking at the computational results.

Another problem about the boundary value problems (4.8a) and (4.9a) with
(4.10) is that we do not know if they have non-trivial solutions and if their solutions
are unique, for which no analytical proof is available. The problem is less serious
for (4.8a) which has complex coefficients. For (4.9a), the trouble comes from the
up, term which may be negative near separation. Nevertheless, the numerical

results seems to suggest that nontrivial solutions do exist.

4.4 Numerical Results and Discussions

As discussed in Chapter 2, we perform the forcing excitation by a local wall oscil-
lation device as sketched in Fig. 5a. The oscillation generates a step like discontin-
uous forcing amplitude distribution A(z) (see Eq. (3.3b)) which is difficult to deal
with analytically. To avoid this, we consider the excited fluid motion very close to
the wall, then the amplitude of the fluid becomes smooth due to the viscous dif-
fusion as shown in Fig. 5b. However, this distribution is not available analytically
and has to be obtained by full numerical computation which is not the concern of
the present study. Thus, we need to make assumptions for A(z). Introducing the
normalized triple-deck coordinates X = A—%X with A = 0.332 [51], the forcing

amplitude function A(X) is chosen as follows: either

Ar(X) = = [tanh (lj—(BiL—) + 1} (6.3)
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or

Ay(X) = exp [— (X ;L’)z] , (6.3b)

see Fig. 14. The parameter L, determines the central location of the oscillating
piece of wall, and B determines the sharpness of the amplitude slope. Obviously,
A2(X) is more realistic, but the part with A3(X) > 0 may promote separation. So
we tested A;(X) as well, which may be difficult to realize physically and represents
a more idealized case where the upstream end of the oscillating piece of wall
is sufficiently far from the separation point such that its unfavorable effect is
not harmful. Throughout numerical calculations, the amplitude parameter a (see
Eq. (3.3b)) is fixed as 0.5, which is about the upper bound of the validity of the
present perturbation procedure. Note that for the device shown in Fig. 5, the
amplitude is proportional to the frequency, and it is very easy to produce a much
larger amplitude than 0.5.

1. Breakaway Separation

By using (4.1a,b) and the scheme described in §4.3, the streaming effect is
easily solved. Although (4.1) is valid for a X 1 as we have seen in §4.1, the a < 1
case was also tested because for a smaller than but close to 1, é; is still small
compared to the main deck thickness. The streaming effect is mainly presented as
the skin friction distribution curves (Figs. 15), from which we can see clearly the
movement of separation points by comparing the resulted distribution with the
basic steady one (indicated as “original” in the figures) from Ref. [51].

Figure 15 shows the numerical results as well as the leading order analytical
solution given by (3.35) and (3.20) with a > 1 for comparison. In Figs. 15a,b the
amplitude function is A;(X), while in Figs, 15c,d A,(X) was used. In numerical
calculation the outer boundary of oscillating layer can not be set at n = oo.

Instead, n = 5 and n = 10 were used and the results are given in Figs. 15a,c and
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15b,d respectively. It turns out that this selection of numerical outer boundary
has quite strong effect to the calculated results. Figure 15a shows very good
agreement between the numerical and analytical solution exists even for a = 0.97
(St = 20). By contrast, in Fig. 15b an x-wise oscillation of the time-averaged skin
friction curves for low a (0.69, 0.97) appears although for higher o (1.38, 1.95)
the analytical solution still agrees well with the numerical one. Through a series
of numerical experiments, we found that the above x-wise oscillation for smaller
a is only due to the negative uy, term in the second order (streaming) equation
(3.24) (interestingly, the same term in the first order equation (3.22) has no “bad”
effect), and the problem can not be attributed to physical or numerical reason but
most likely comes from the invalidity of the Taylor expansion for large n when a
is small (0.69, 0.97). For larger o (1.38, 1.95), the oscillating layer is thinner so
that the Taylor expansion is valid for larger n (> 10), and hence, the oscillation
did not occur. Although, it can not be determined whether = 5 is large enough,
however, this finite boundary was found at least to be good enough for computing
the analytical solution by using the same numerical scheme. Similar results for
A;(X) are shown in Fig. 15c and 15d. As we expected, only favorable streaming
effect appears in Fig. 15¢ in contrast to both unfavorable and favorable effects
shown in Fig. 15a.

It is clear from (3.35) that the streaming effect increases with Re while de-
creases with St, and from Fig. 15a to 15d, this trend seems to hold for a wide
range of o rather than limited to a > 1. In order to confirm this and to extend
the solution to smaller a range without the above oscillating trouble, therefore,
the streaming effect based on the separation bubble model was computed, which

is presented below.
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2. Bubble Separation

For the bubble separation we present the streaming effect by showing the
change of velocity profiles (Fig. 16) as well as the skin-friction curves (Fig. 17).
Figure 16a gives the numerically solved streaming velocity for X = 10 at Re =
2.0 x 10° and St = 10 (a = 0.69), and 4;(X) with L, =0, B = 10 is used. We
see that the streaming changes basic steady separating velocity profile to a non-

separating one. Similar result for Re = 2.0 x 10* and St = 5 (a = 0.648) is shown

-

» ax used for determining the

in Fig. 16b. The maximum displacement thickness é
bubble is 4.5 in both Fig. 16a and 16b. Based on the same bubble, we calculated
the skin friction curves with different Reynolds and Strouhal numbers, which are
shown in Figs. 17a and 17b. Note that good agreement between analytical and
numerical results for higher a similar to that in Fig. 15a can be observed, and
there is no x-wise oscillation in the curves.

From these figures we may conclude that the streaming effect may indeed
cause fundamental change in the separating flow. The breakaway separation can be
delayed and the small separation bubble can be totally eliminated. The streaming
effect is stronger as o decreases. To see this more clearly, in Figs. 18a and 18b,
the dependence of the skin friction on a is plotted for four different X locations
inside the bubble. Note that because when a = 0 there is no streaming at all,
there must be a maximum streaming between @ = 0 and @ = 1. Such a maximum
represents the optimum oscillating effect, and was indeed captured for one X
location (X = 1.96). From Figs. 17a and 17b we see that this location is quite
close to the separation point. Unfortunately, the maximum point of 7, ~ a curves
for other X locations seems to appear at too low a, for which the Strouhal number

St is no longer much greater than one (if Re is not assumed unreasonably high)

and our model equations are not applicable.
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It needs to be pointed out that the peaks in the 7 ~ a curves may occur
with different a values at different X locations. These peaks represent only the
local maximum streaming effect, but the overall maximum streaming effect on
the whole body and the corresponding optimum o should be determined by other
criteria, such as the changes in the lift or drag coefficient due to the streaming.
As mentioned in Chapter 2, the maximum streaming may be achieved under the
resonance state [54]. This is a very important and interesting problem, however,
it is difficult to analyze in the present theoretical model because the long wave
limit is used.

The influence of exiting location L, is shown in Figs. 19a and 19b for the bub-
ble and breakaway separations respectively. At certain locations, excitation may
delay separation while at some others it may eliminate a given steady separation
bubble or change the breakaway separation to a local separation bubble. It is seen
that the results are strongly dependent on L,.

The calculated results are also highly dependent on B which determines the
slope of A(X) and the range of the excitation. We have seen from the above figures
that the better separation control is associated with larger values of B (but not too
large to give necessary sharpness of A(X)’s slope). In fact, for bubble separation,
if B is of order 10, the forcing excitation range becomes about the same as the
bubble length, and thus no longer be of local type. However, we have to remember
that in our theory the downstream effect of the local excitation is neglected; it is
this neglect that reduces the original governing equations to ODEs in which the
streamwise coordinate X appears only as a parameter as we mentioned before.
Therefore, it is reasonable to expect that the streaming effect is over-localized
in the present study, and in reality the required range of forcing excitation for

achieving effective separation control can be further reduced.
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CHAPTER V

CONCLUDING REMARKS AND RECOMMENDATIONS

On the physical mechanism underlying the separation control by forcing

waves, the streaming effect on the breakaway and bubble separation is studied.

Under the assumption of St >> 1, the governing equations can be simplified to

ODEs, from which the analytical results are obtained. Then the problem is closed

by adding simplified boundary conditions at the upper boundary of the oscillating

layer and solved numerically. The acquired analytical and numerical results have

provided a useful understanding of the streaming effect on the separating flow.

These are summarized below:

1.

It has been confirmed that, under the proper forcing frequency and the dis-
tribution of forcing amplitude, the streaming effect can suppress or delay the

separation for both bubble and breakaway separation cases.

The important parameter a = (St/Re'/4)!/2) the ratio of the lower deck
thickness to that of the oscillating layer, plays crucial roles in separation
controls. In fact, under fixed Re, a determines the nature of the excited
flow. For a > 1, the oscillating flow is confined in the lower deck and the
streaming effect is independent of the basic steady flow to the leading order.
While for a < 1, once the oscillating flow gets into the main deck, it will be
further convected upward by the strong upwelling velocity near the separation
point into the outer shear flow, where the amplified vortical waves couple
with the instability wave. Thus, the interaction between the streaming and
instabilities makes the separation control problem even more complicated than

that generally understood in the literature. And for the same reason, the
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boundary conditions of the oscillation and the streaming equations can not

be determined completely without the knowledge of the outer shear flow. Here

we introduced the simplified local boundary condition such that the feedback
effect of outer instability waves was ignored.

3. The importance of a can also be seen from the fact that the streaming effect
increases as a decreases for a 2 O(1), and that in the range of 0 < & < 1, there
exists a maximum streaming effect for a certain optimum a. The frequencies
corresponding to the optimum a are in qualitative agreement with relevant
experiments.

4. Tt has been shown that the streaming effect is strongly dependent on the
location of forcing and the local variation of forcing amplitude, which can
be attributed to the over localization of the theoretical model used in this
study. The negative slope of the forcing amplitude generates the favorable
streaming effect, like the Rayleigh streaming law, and the strength of the
effect is proportional to the magnitude of the slope.

The results obtained so far are still preliminary, however, they give physical
insights to the streaming phenomenon. In fact, the present work is the first attempt
of solving the streaming effect on the separating flow. Further works should be
done to complete the study and extend it to more general and practical situations,
including the low frequency excitation cases. The recommended study includes
the following topics:

1. The present theoretical work can be further extended to include the study
of instabilities of the outer shear flow and its interaction with the stream-
ing effect. This is important not only for completing the present theoretical
study, but also for practical purposes, because in practice it is hoped that

the streaming is coupled with the instabilities of the flow so that it can be
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amplified. By the same reason, the coupling between the streaming and the
resonance effect should also be studied.

. It is highly desirable to use the full triple-deck numerical solution of the
basic steady separation to replace the Taylor expansion in the calculation of
breakaway separation, though, the matching of solutions in the three decks
may be difficult.

. The global changes in the separating flow structure, including the downstream
effect, could probably be solved more efficiently by direct appealing to the nu-
merical methods for the Navier-Stokes equations. The numerical methods can
also be used to study the strong nonlinear streaming under larger amplitude
forcing which is beyond the ability of perturbation method, but is often en-
countered for separation control of high Re and turbulent flow with large
angle of attack.

. No experimental work specifically addressing the streaming effect on the sep-
arating flow has been done. It is highly desirable and important for practice,

and may provide further directions in the study of the streaming phenomenon.
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