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ABSTRACT

The response of boundary layer sepauration 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 imsteady excitation 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 axe 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 = StlRe^l^, 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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NOMENCLATURE

A{X) amplitude function

u  1 amplitude parameter

/  frequency

neutral imstable frequency of boimdary layer

most unstable frequency of free shear layer

fgh most amplified frequency of "shedding" type instability

hi lower deck thickness

km main deck thickness

/lu upper deck thickness

/  streamwise scale of triple-deck

L  global body length

Li location of forcing excitation

n  circular frequency

Re the same as Rel

Rei = UcaL/u Reynolds number

St = nLjUoo StrouhaJ number based on n

5te most effective excitation frequency

St I = fL/Uoo Strouhal number based on /

Uoo frfi® stream velocity

uo, Vb steady velocity of basic flow in boimdary layer coordinate

u, V 1st order amplitude of disturbsmce velocity

U3,Vi 2nd order streaming velocity
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X = Sq^x triple-deck coordinate
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lower-deck coordinate
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a = £o/e an important ratio of 5t to Re
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£o = triple-deck parameter
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CHAPTER I

INTRODUCTION

Flow separation is one of the most common phenomena in fluid dynamics. It is

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

eiirfoil. It 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 Uft 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

Wu et al.[3], where it is emphasized that a thorough imderstanding 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



of flow separation, promote reattaehment, 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 imderstood. 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 difiiculty 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 laminjir-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 eispect 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



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 mechamsms relevant to the separation control is also

addressed. A more general discussion of streaming can be foimd in [3].

In Chapter 2, a critical review of the current imderstanding 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 imderstjinding 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 R.ayleigh and Tollmien-

Schlichting type), the instability of free shear layer (the Kelvin-Helmholtz type)

£ind 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 Uoc L, u

be the free stream velocity, a global characteristic body length, and the kinematic

viscosity, respectively. From the asymptotic study of the boimdary 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.

Rex oc e® and Re^ <x

where Re^ = Uoox/^ is the Reynolds number based on the distance x of separation

point from the point where boimdary layer starts to grow, and e = with



F = un/Uoo^, where n is the neutral imstable circular frequency. Then, if we

define

Rti = ̂̂ 22^ and Sti =
V  Uoo

where fb = n/2ir, we find F = 2vStLlReL, hence it can be easily shown that for

the lower branch,

StL oc

and for the upper branch

It should be noted that Eqs. (2.1a, 5) 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 27r is retained in the

formulas in order to emphasize the difference between the circular frequency n

and frequency fi, because it can be large enough to lead to different qualitative

assessment (see §2.2). Eqs. (2.1a, 6) imply some complexity in the scaling due to

the presence of z/T, 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 aimplifying frequency /„ [23]:

= ci (constant), (2.2)
^ a

where Ua is the averaged velocity of those on the two sides and 9 is the initial

momentum thickness of the shear layer. For a free shear layer leaving trailing

edge, the constant ci was found experimentally emd 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



leaving a smooth surface, but Eq. (2.2) is still valid. Then, for a laminar shear

layer, consider the relation between % and Rei

we have, for the Kelvin-Helmholtz instabihty,

5<l a (2.3)

and ci 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

= C2 (constant), (2.4)
^ S

where /,/, is the most amplified "shedding" frequency and U', is the velocity just

outside the shear layer at separation, or

(2.5)
fl U oo

where h is the height of the separation bubble or the half width of walce behind

bluff bodies. The constant C2 in (2.4) and (2.5) is 0.08 approximately. For flow

over airfoils, we may estimate that [24, 25]

StLsinQ = 0.15~0.19, (2.6)

where a is the gmgle-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 natxiral frequencies rather than

the quantitative results, because some quantities in the scaling (e.g. x, 9, and h)

will be changing when the flow is being excited. The interesting point is that, the



seeding 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 Ug/Uoo is much weeiker. For separating flow over an

airfoil, the effect of incidence angle a is shown clearly in (2.5) by Ljh (x 1/ sin a.

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 boimdary 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 particiilar, 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



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 axe often poor and from the available experimental

data it is rather difl&cult to identify which instabihty is really excited.

Reisenthel et al. [17] and Nagib et al. [15] studied the control of backward step

sepjiration by the oscillation of a spoiler-like flap inside the region of separation. It

wEis 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, Sigiirdson and Roshko [13] found that

the effective reduced frequency is four times of 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 aie 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 chauiges 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 mech8inism 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 /„ in Eq. (2.2)), many small vortices roll into large-scale structures

and a train of leirge 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 meam flow was increased and the reattachment length was
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decreeised by 10%. It was pointed out that forcing at a subhaxmonic 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 fth-

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-i2e (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 Sti) was in the range of 5~1

or lower; while for a > 18° ( post-stall region), the Stc range is about 4~25,

and the eimplitude 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 Ste-range, 5~1, was well below

i2e£(~ 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 (q > 18°),

Zeiman's argument might fail because a large portion of the 5te-range, 4 ~ 25

is not much smzdler than Re I, sdthough in this case it is still appropriate to

classify the learling 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 malce it possible for low frequency disturbances to be able to excite a

much higher Tollmien-Schlichting (T-S) frequency due to the growth of boimdary

layer around leading edge, might also be important in explaining this experiment

(by using (2.1) the forcing frequencies are foimd to be indeed lower than the T-S

frequencies). The "shedding" type instability seems not be important in this case,

since Stg 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 Rei varied from 2.0 x 10^ to 3.0 x 10®. The Ste-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 Rei 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 coefficient for pre-stsdl 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 axlverse 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 vmique 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 fEict, 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 imsteady 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 x<, • 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 instabiUties 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 natmal 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 streeuning 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 iZe, = Uoo^/nu.

The problem was adso studied theoretically and numerically by Riley [39] and

coworkers [40]. For flow with non-vjinishing 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 accoimt 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 c£in 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 certjiinly not explain

able by perturbation methods (X.H.Wu 1991, impubhshed). It should also be

noted that even with a low excitation level, the excited waves may be amplified by

instabilities or other resonance mechamsms, so that a strong streaming can still



r- * • ..

e 2. Streamlines and streaJcIines around a circular cylinder performing a

Dry oscillation about its axis in a uniform flow (Taneda, 1977). d = 1cm,

: 0.33cm/s, Ret = 35, / = 2Hz, Sti = 6, 9 = 45deg, x = Uoct- (a) x/d = 0

,5 (c) 3.4 (d) 12.
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be achieved. For example, KurosaJca [45] used the streauning effect to explain the

Ranque-Hilsh vortex tube effect, which involves an zimplification 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 adrfoil and backstep

flows, Francis et al. [46] and Koga et al. [13] found that the moving velocity Uc

of the reattachment point was related to the flow parameters by

and (2.7a, 6)

respectively, where h is the height of the backstep. These two results are apparently

inconsistent. But Vakili (private conununication, 1985) noticed that the two curves

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

h ~ yJuL/Ucoi since then, by (2.7b),

fu fLvLUc

ULM Uoc'
ocU U uoo oooo

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

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

thickness, or

./^=i2c"^
V 1/2 'y ^ oo

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 stabihty 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
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streaming is inherently linked with instability. In terms of Rcs, we could rewrite

Eqs. (2.1a, 6) as

Re, (X ReK^)^ and Re, cx ReKy)^
L  L

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 neax 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 (vorticed)

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 foimd 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 sunplitude variation (rather than the amphtude 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]

dx
— a(x) and ^

,=0 ^
_ 5r(i)

dxy=o
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where r is the skin friction and a = —duldy (here uj 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 sepeirating 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, Beir-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 theoreticsil 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 accovmts 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 elhpticalized so that the

strong interaction between the viscous layer amd the outer inviscid layer is treated

correctly and the singularity is removed.

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

For the heights /i/, hm and /i„ of the lower, main and upper deck respec-
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Upper deck
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hu
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Lower deckX
hi sep

Main deck

Figure 6. The triple-deck structure, hi = £qL, km = = I = SqL.
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tively, we have,

hi — £qL, hfn = £qLi hfi —

where L is the characteristic length. The main deck has the same scale eis the

boundary layer thickness. Unlike the boimdary layer, however, the streamwise

scale of the triple-deck is confined in a length scale I = e^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 bzisic feature of the present study

which causes specied 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 beisic 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 axe 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 (uo, Po)

over a bluff body at < = to (see Fig. 7). Assume that an oscillating device located

near xoa, 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 Uoo- 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

4
£ = sr'f = « 1, (3.U)

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

parameter is the ratio of sq and e:

£  \Re* J

The dimensionless governing equations, scaled by Uoo: L Eind n~^ are

(3.1c)

Ui + Vy = 0, (3.2a)

+ UUi + VUy = -Px + sliuxx + Uyy), (3.26)

e~'^Vt + UVx + VVy = -Py + eliVxx + fyy), (3.2c)

along with boundary conditions

u = 1, u = 0, as y ̂  oo, (3.3a)

u = aA{x)e*^, u = 0, at y = 0, (3.36)

where A{x) < 1, and the constant a < 1 is the maximum forcing amphtude. 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,a,p) = (uo,uo)Po) + a(«i,ui,pi) + a.^{u2,V2,p2) + • • •, (3.4a)

where

(ui,t;i,pi) = (u,u,p)e" (3.46)
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is the first-order perturbed oscillating flow; and

("2,U2,P2) = -I- (u22,U22,P22)e^" (3-4c)

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

components. The boundziry conditions for (u,u) and {ug^Vg) axe

u = t; = 0 asy—^oo,
(3.5a)

u = A(x), u = 0 at y = 0,

and

= 0 as y GO,

Ug = Vg = 0 at y = 0.
(3.56)

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

equations

Ui +Vy = 0, (3.6a)

(i£~^ -t- uqi)u -t- uqUi -I- voUy + uoyV = -px + £o("ix + "y»)' (3.66)

(t£~^ + V0y)v + UqVx -t- VoVy -I- VoxU = -py + £o(^" + (3.6c)

and for the streaming components (ua,u,,p,),

«ai+Ua»=0, (3.7a)

UoiU, -|- UQUgx VQUgy -\- tlQyVg = —Par "I" ̂ oi'^^azz 4" '^syy)

- (uiUir + UiUij,), (3.76)

VoyVg -|- UoUa* "I" '^O^ay "I" — ~Pay 4" ̂oi^^azz "I" ̂ ayy)

- (ui^ix+uiui»), (3.7c)

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 (uo?t^O)Po) according to boimdary layer scales. Let

r = £o"'y, Vo = £o"'t;o, (3.8)

such that in an attached boundary layer, F, Fq = continuity equation

gives

wqi + ̂oy = 0. (3.9)

Some coefficients in (3.6) and (3.7) then become

Vo = ̂qVq, Uoy = £^'*Uoy, Vor = £o^Ox, VQy = Vqy n (3.10)

When X —^ xqj, Vb,uoy,Foi and Foy are no longer of 0(1) and should be re-

estimated by using the triple-deck theory, as will be done below. On the other

hand, for e <C 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) 6f, where

(3.11)

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

derivatives, we introduce a rescaling factor L-\/n/2u, such that

y = \/2eeQT], v = \/2££o^, v, = v^££oF,, (3.12)

where t] is the scaled normal coordinate in oscillating layer, which is depicted with

other normal scales in Fig. 9. For attached flows (r7,F, F,) = 0(1); but once

more, as x —^ Xo» the order of magnitude of these quantities may change, because
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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, 6, c) are recasted to

Ux+V^, = 0, (3.13a)

(i + £^Uox)tX + + y/2£^U0YV

1.
= tUIV+ £^(—Px + Sq^ii), (3.136)

el {2(i + s^'VoyW + e^'uoV, + s/2e{VoVr, + Fox^)}

= -Pv + 4i%v + Se'eoKx). (3.13c)

These rescalings are of course applicable to (3.7) as well, yielding that

+  =0, (3.14a)

e^iuoxUs + Uo^sx) +

— (^^STfr\ £ ̂ Q^sxx £ ijPsx "i" U\U\x "h I'^Wlr;)? (3.146)

el {2e2(Voyl/ + uoV,x) + V2e{VoV,, + Fqx",)}

= -Psr, + el{V,r,r,+2e''elV,xx) - 2e^eliuiV,x + V,\\r,). (3.14c)

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

proximation of (3.136, c) is

Ur,n - 2iu = 0, pr, = 0, (3.15)

which, imder condition (3.5a), yields the well-known Stokes sublayer solution

u(r,r?) = A(r)e-(^+')''. (3.16)
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Correspondingly, (3.14c) reduces to

Psv =

showing that p, equals its value at the outer edge of viscous oscillating layer; hence

-a^Piz = a^{u,Ugx + VtVtt)v^oo = 0{a*)

which is negligible. Then (3.146) simply gives

Usnn =2£'^F{x,t]), (3.17)

where
F{x,r]) = uiuii + Viuir,

1  ̂
= -{UrUrx + U,Uix + VrUrrj +

(3.18)

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

and imaginary peirts respectively. For the present case, by (3.16) we obtain

F{x,r]) = i(A^)'(e~^'' + e~''sinr/) (3.19)

and hence the solution of (3.17) with (3.19) and (3.56) is

u,(r,T7) = -| (A^)'(3 - e"^''- 2e~''cosr7), (3.20)
8

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

have added a boundary condition

u, is finite as r/ —v oo. (3.21)

3.2 Perturbation Equations near Separation

As I —> xqs, 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 (of. Fig. 9) with triple-deck and

oscillating layer paxaxneters £o £» as well as their ratio o, defined by (3.1a, b, c).

Table 1 Orders of Magnitude in TViple-Deck Flow

Ax AF "Or, VoY Fo "oy Vox

Upper deck 4 ^0^ ^0

Main deck 4 1

 1o

£o

Lower deck 1 ^0 1 ^o'
Osc. Layer

o>oco

£ £^^£ a eo'e

u
vv

From Table 1 we notice that, as long as £ < 1, (3.136, c) can be simplified as

- \/2£Fou, - 2(t-t-£^uoi)u = 0, (3.22a)

Pr, = 0. (3.226)

Multiplying both side of (3.22a) by and using (3.9), we then have

a\ur,r, - 2iu) - ̂/2{VoUr, " Vq,") = 0, (3.23)

where Vq = o^eVo. We see that the first two terms of order 0{ol^) 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 0(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, (3.146, c) reduce to

y/^cVoUgfi 2£ UQfUf — 2£ F'(x,t^),

Part ~

(3.24a)

(3.246)
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where (3.24a) can be further recasted to

a^Us„„ - \/2{Vqu,^ - Vor,u,) = 2egF(x, 77). (3.25)

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

vortical wave property of the oscillating flow.

Eqs. (3.23) and (3.25) will be used as basic equations for further analytical

study. We see that the Strouhal and Reynolds n\imber ratio a, is indeed an

important pareimeter determining the nature of solutions. In fact by (3.11), we

find that the thickness ratio of the oscillating layer to the lower deck,

^ = a-', (3.26)
hi

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 a 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 importzince. one is the boundary streaming vorticity

u?,(x, 0) = -u,,(x, 0), (3.27)

which directly relates to the streaming wall friction Ta{x) by

a;,(x,0) = -e^®T,(x),

hence the shifted separation point x, is determined by the condition

u;o(a:„0)-|-u;,(x,,0) = 0. (3.28)
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Another important quantity is the streaming boundary vorticity flux, defined as

c,{x) = -elu,y{x, 0) = elu,yy{x, 0), (3.29)

of which an observation may provide some insight to the physics involved in the

shifting of x,, since this flux mezisures the vorticity production from the wall. By

the well-known relation [35]

(3.29)
y=0

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 boundciry 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 weJl oscillation on the instantEineous movement of separation

point is canceled by taking average, sind 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 > Re*

We now consider the extreme case with a = {St/ 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 Eire of the same form as the classical boimdary 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 boundaxy layer.

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

recasted to

- 2iu - y/26^(Vou„ - Vor,u = 0, (3.30)

- V26^iVou,, - Vor,Us) = 2^2F(x, r,), (3.31)

where <5 = 1/a (<^ 1) is a small parameter. Assume

u = uq H—7=Ui (3.32)
V2

^2

Us = "aO + + • • • , (3.33)

we find that the zeroth order equations of u and u,, Eire 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 rj, by (3.12) the boundary vorticity is

Wao(a:,0) = -^£"^£^^u,,(x,0), (3.34)

thus from (3.20),

u..„(x.O) = ̂aheZ\A-'r. (3.35)
Moreover, by (3.28) and (3.17),

<7,o(x) = = F(i,0) = (3.36)

which is indeed proportionEil 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 ̂  Re*, to the leading

order, the streaming is independent of basic separating flow structure, and the sign

of a;4(x,0) and <7,(x) is the same as that of (^4^)'. Since u;o < 0 before separation,

(3.34) and (3.35) clearly show that in the local region near xoj a decreasing i4(x)

may delay the separation. Note that the device shown in Fig. 5 does provide a

possibility of such type of >l(x). 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 0(a~^) order. From (3.30) and (3.32),

we have

— 2iui — 2{VoUori — VojjUo)- (3.37)

Then, letting

and using (3.16), we get

fr,r,-2{l + i)fr, = -2{\ + i)H{x,r]),

subject to the boundary condition

/  is finite as 77 —» oo , and / = 0 at rj = 0,

where H{x, t]) = Vq - Vot,/(1 + 0- Hence we obtain

f{x,T)) = 2{l + i) J dr j fr(x,^)exp[-2(l + i)(^-r)]d^,
where r, q are integration variables. Interchange the order of integration, it follows

that

/(X,,)= rH(x,e)de- r
Jo Jo

+ r (3.38)
J fl
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Therefore the full first-order oscillating solution is

«i(x,T7) = u(x,T7)e" = A{x) l + ;^/(x.,) (3.39)

Note that u decays exponentially.

As to the full second order streaming effect, denote

F{x,r)) = Fo(x,t7)-|- -^Fi{x,t]) + ...,

then from (3.31) and (3.33) we have 0{6^) equation

= 2(£^Fi -f VoUgOt) " Vor)U,o)

with the boimdaxy conditions

u,i is finite as rj —y oo and u,i = 0 at r; = 0.

(3.40)

(3.41a)

(3.416)

Eq. (3.41) can readily be integrated.

It remains to calculate F(x, rj). Sphtting /(x, ry) into real and imaginary parts:

f = fr + ifi,

then by (3.39) we have

UiUix

Moreover, from (3.39) and the continuity, eind note that /(x,0) = /i;(x,0) = 0, we

get

V = |.4'|1 - e"+'>'] + ̂[A'if -h) + A{f, - /i,)l|,
where, by (3.38),

h{x,r]) = hr + ihi= r
Jo
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On the other hand, it follows from (3.39) that

where

g{x,r]) = gr + igi = f -
1 +1

= r VodT - r Voe-^^'-^'^^dr - H vi,e-2(i+'>(^-'')dr.
Jo Jo Ji}

Therefore, a straightforward calculation yields the Reynolds stress F{x,rj) as in

(3.40), where Fo{x,r]) is given by (3.19), while

F,(x, >)) = ̂  [€-"(2/. -fi + h.+g.)
+ e~''{grSniT) - 5,cost,}] + ̂e~^^(frs - fit + f^ii) (3.42)

gives the O(S^) order correction.

Note that since f,g and h all vanish at Tf = 0, we have F^^\x, 0) — 0 and

F(x,0) = Fo(x,0) = + 0{6'). (3.43)

It then immediately follows from (3.36) and (3.31) that

".M = = F„(i,0) = \(A'y, (3.44)
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 0((5^) order. However, this is not the case

for the streaming boimdary vorticity. Rather, by integrating (3.41), we generally

obtain a nonvanishing = u,i,. This 0{S^) 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 smjill as an 0{8*) 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 = \/2a~^r] which is much

thicker than oscillating layer. Now we have u, = and u,,, = 2a~'^Uzz,

so that (3.23) becomes

Uzz - ioc'^u - (Vo«z - Vbz") = 0, (3.45)

where Vq = ̂oFb = 0(1) order in lower deck and thus Foz = 0(1). Therefore, the

leading order in (3.46) is 0(a^)(> 1) and which leads to a solution

u = 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 < St < iZei

The case of external excitation with a •C 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 occms 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

q(< 1) as the small parameter. The perturbation must be singular and an inner

layer should be introduced. Suppose

U = Uq + -h Q^U2 + • • • )
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and substitute it into (3.23), we have

-Vouor, + Vonuo = 0, (3.47a)

-VA, + V„A = (3-4T6)

and so on. The solution of (3.47a) is obvious:

Uo = CVo, (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 r? —> oo. Interestingly, two possibilities arise when considering

the boxmdary condition at ry —+ oo. First, if the conventional concept of Stokes

layer is still valid, we would have uq —^ 0 as 77 —>• 00, but since Vq = 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 attached boimdary layer,

V'o = 0{eo*), such problem does not exist). The other possibility, which is more

self-consistent zuid 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 Vq into the main deck Etnd 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-zero.
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Then it is not difficult to obtain the closed form solution of the first order

equation (3.476). We have

and hence

ui = Vo
Jn'V

C,-C r (3.49)
•'o

where Ci = (ui/Vo)cx) needs to be determined by matching with the outer shear

flow.

It is obvious that (3.48) can not satisfy the boundary condition at 77 = 0

which is u = A{x), since CVo(3;,0) = 0. Thus we have to introduce an inner layer.

Setting 2 which yields

- {Vou, - Vo,u) = 0 (3.50)

in the lower deck, where Vq = £0^0 = 0(1). The boundary conditions are

u  is finite as 2 —^ oc, (3.51a)

u = A{x) at 2 = 0. (3.516)

Note that a direct matching with the outer solution by using the limiting matching

principle (van Dyke 1975) would give ti —> 0 as 2 —> 00 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 = £^z, which is precisely the scale of the lower deck and independent of the

frequency. Now, no matter how small is, since as 2 —v 0 we have Vq ~ 2^ and

uox ~ which can be made even smaller thsin thus there always exists a thin

Stokes layer near the wall, where the flow is still governed by (3.15) with u = .4(i)
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at 2 = 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

- VijU, -f VozW = 0, 2>Q^,

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

by Brown and Daniels [50].

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

(3.51) as an integral equation

u = A + dT Vo^e~ I'^'"'"uda. (3.52)

Here, for x < iq, we may roughly take Vq > 0, Vqz > 0. Because u(x,0) = .4 > 0,

u must be positive for z <C 1. Then the integrand of (3.52) is positive, hence u

increases as 2. It finally approaches constant as 2 00, because by (3.50) and

(3.51a) we have

uz{x,z) = j^ Vort'^'^"^"udr (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

= «sO + -|-...,

F{x,t]) = Fo(x, rj) + a^Fi(x, rj) + ...

into (3.25), we have

^oUiO., - VonU^o = -V^lFoix, rj), (3.54)



(3.55)
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where Fo(x,t/) is given by (3.18) in terms of Vq. Integrating (3.54) gives

ti,o = Vo
Jl\ Vq

where C2 = (ujo/I^o)cx3 is to be determined by the matching mentioned above.

Generally, Uao(i)O) ̂  0, indicating that an inner layer should be introduced again,

sind the governing equation needs to be solved numerically.

We conclude that when St <C Rt* the weJl oscillation excites an unsteady

layer which is first damped in the viscous (inner) layer and then convected away

with the sepEirated 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 e 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 scede streEiming phenomena. This limitation will be seen from the

numerical results in Chapter 4.

3.6 ToIImien-Schlichting Frequency: St ~ Re^

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 0(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 normzil 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

eluYY - Vo*UY - (ia' - Vo'y)u = 0, (3.56)

£o"ayy — ̂ 0*"ay + ̂oV"a = ^)' (3.57)

where Vg* = Estimated in main deck, both V^* and Vgy are found to be

of 0(1) from Table 1. To solve the equations, we need to carry out singular

perturbation with respect to the small parameter £q. 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, Eqs. (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

u = Uo + £o"i "b

we have

-Vo*"oy - (^2 - VoV)^o = 0, (3.58)

-VqUiy - {ioi^ - VoV)"i = -"oyy- (3.59)

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

VVoVy/ UoV ^0* '
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which yields

"0 = C'sV'o'exp^ia^ y (3.60)
at once. Then Eq. (3.59) can be written as

/ ^ _ upyy
UoVy ̂ o UoV" '

and the solution is

= Vo*.11 W\ (3.61)

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

by the B.C. at the upper boundary of the main deck. The same problem arises

for the boimdary conditions there as in the case with o 1. In fact, Eq. (3.60) is

quite similar to Eq. (3.48) except that now uq 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 amplifled and convected

upward into the outer shejir 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 botmdary layer equations. In addition to the analysis in Chapter 3,

a supplementary study of Eqs. (3.22) and (3.24), including boimdary conditioning

problem and the nvunerical 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 uo and Vo (assumed given in the pertiurbation analysis) near the separation



52

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, 0), and that of the streaming flow, 0),

only the solutions in lower deck (or a sublayer of lower deck) are involved if a ~ 1,

in which the normal distance Y (in boundary layer scale) is always small. This

allows us to approximate (uo,Vo) hy normal Taylor expansions and avoid the

necessity of re-calculating the whole triple-deck solution.

In fact, we have

y2
Uo{x,Y) ~ YuoY + —UOYY:

y2 y2
—Vow + jT

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

Vq{x,Y) ~ —Vbyy + -^Vbyyy,

ujo = —So ̂"oy, <'"0 = Poz = uoyy
v=o

we obtain the approximate expressions of coefficients in (3.22a) or (3.23) and

(3.24a) or (3.25) in terms of boundary vorticity loq and its flux ctq (or tangential

pressure gradient poi):

uox -\/2eelrju}ox +

= -\/2e£or)ij}^^ -I- (4.1a)

y2 y
Vo ~ — (So'^oi - y«^0i)

1 3 2/ ^ —3 >
2^0^ Kx - 3^0
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where X = e^^(x — zo») is the streeimwise coordinate of triple-deck. In (4.1), u;o

and (7q are easily inferred from the numerical result of Smith [51]. Expansion to

higher orders axe possible but seems unnecessary.

Strictly speaking, Eq. (4.1) is not uniformly valid in the sense of matching

asymptotic expansion, since the error grows imboimdedly as rj 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 lEirge enough. But for smaller a, such as

Q < 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 SepEiration Bubble Modeling

In this subsection, we briefly discuss the numericzJ method of modehng sep

aration bubble. This can be done based on the boxmdary layer equations, which

simplify the cEilculation drastically since the integration by forward marching can

be used and there is no need of downstream boimdary 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

Ur + Vy = 0 (4.4a)

uuz VuY = UUz + UYYi (4.46)

with boundary conditions

tx(r,0) = F(i,0) = 0 (4.4c)

and

u{x,Y)—*U{x) as T —> 00, (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 uj = —duldY and the stream function "I*, so that (4.4a-d) are recasted

to

u = ̂y, V = — (4.5a)

ULJz + VuJY — ̂ YY1 (4.56)

with

and

where

u(i,0) = «'(i,0) = 0 (4.5c)

<i^U{Y-8'\ (4.5d)

r = f (1 - j"jW
is the displacement thickness. Then introducing

xl> = <i!-u{Y-8*), (4.6)
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we obtain a set of equations to be solved numerically:

xPy ={Y (4.7a)

uojx — {ip + (Y — S*)u)xu;y = i^YYi (4.7fe)

subject to boundary conditions

u(x, 0) = V'(^? 0) = (4.7c)

u:{x,Y), xl}{x,Y)-^0 asY—*oo. {A.ld)

In our calculation, we do not follow Carter [48] to transform the normal coordinate

Y, since the same grid will be used to compute Eqs. (3.22) and (3.24) for which

the uniform rectangular grid is more convenient.

In the calculation, 6* is assumed to be given. To be flexible in computing

different bubbles, 6' is prescribed artificially according to Carter. W'e use poly

nomials to construct S*{x) which are smooth and has a maximum in the interval

[ro,r2], while matching the Blasius flat plate solution at the two ends of the in

terval. Specifically, we have, for Xo < 3: < Xi

<5*(x) = fli -f 02(1 - xo) -f- 03(1 - xo)^ -f a4{x - xo)®, (4.7a)

and for Xi < x < X2

^*(x) = 61 -t- b2{x — xi) + b3{x — xi)^ -f- 64(x — xi)'. (4.7a)

The constants ai to 04 and 61 to 64 are so determined that, at x = xo, the pre

scribed S* matches with the value and slope of the Blasius flat plate distribution,

then at X = X], 6* reaches its maximum value at x = X2, 6* has a
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and at X = 12, <5* has a minimum which is generally chosen about the same as

the Bleisius flat-plate value at that particular x location. Following Carter [53],

we may have

xo = 1.0, xi = 1.35, X2 = 1.884,

ai = 1.7208v/xr, 02 = 0.5 x 1.7208/ as = -ai/(3<if) - 2a2/(3di),

6i=Cax, b2 = -Zih-2.25)14, h = 2{h-2.25)14,

where di = xi — xo and 62 = X2 — xi, and 6^^ can be chosen to give bubbles

with different size. A curve of <5*(x) is given in Fig. 12 for

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 ovn 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

u,, - v/IeVou, - 2(1 -I- £^uoi)a = 0, (4.8a)

with non-homogeneous boundary conditions

u = A(x) and u
v=o

is finite, (4.86)
fy—>00
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aind, for second order streaming, the non-homogeneous equation

Usnv - \/2£Vou„ - 2£^UoxUs = 2£^F(x,r]) (4.9a)

with

u. = 0 and Ug
»?=o

is finite. (4.96)
t/—»oo

A simple finite difference scheme is used in solving Eqs. (4.8) and (4.9). The

derivative terms are discretized on imiform 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 uqi becomes negative near the separation

point which may cause the tridiagnol solver to be imstable, because no pivoting

was used. In the computations, we used a solver with double precision and iterative

improvement, eind 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 uqi though it is negative. The

solution procedure stcirts with solving (4.8) which yield the forcing terms F(i,r/)

in (4.9a), 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 77 = 0 is clear, but we have seen in Chapter 3 that the boundary condition at

the upper edge of the oscillating layer (r; —> 00) 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 a > 1 since the
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outer solutions are not available. Therefore, we assume that u and u, approach

constants as t/ —» oo instead; or equivalently,

If—*00

0  and Usr, 0. (4.10)
17—>00

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 angilytical proof is available. The problem is less serious

for (4.8a) which has complex coefficients. For (4.9a), the trouble comes from the

uoi 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{x) (see Eq. (3.36)) 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 momerical computation which is not the concern of

the present study. Thus, we need to make assumptions for A(i). Introducing the

normalized triple-deck coordinates X = with A = 0.332 [51], the forcing

amplitude fimction A(JA) is chosen as follows: either

tanh ("^ + ̂') + 1 (6.3a)
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or

A2{X) = exp (6.36)

see Fig. 14. The parameter L, determines the centred 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 > 0 may promote separation. So

we tested Ai(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 imfavorable effect is

not harmful. Throughout numerical calculations, the amplitude parameter a (see

Eq. (3.36)) 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, 6) and the scheme described in §4.3, the streaming effect is

easily solved. Although (4.1) is valid for a ~ 1 as we have seen in §4.1, the a < 1

case was also tested because for a smaller than but close to 1, 6/ 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 fimction is A2{X), while in Figs, 15c,d Ai(X) was used. In numerical

calculation the outer boundeiry of oscillating layer can not be set at 77 = 00.

Instead, r/ = 5 and rj = 10 were used and the results are given in Figs. 15a,c and
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Figure 14. Assumed amplitude fimctions. (a) Ai(A), ideal for large favorable

streaming effect, (b) AjCA), more local and realistic. Only cases with L, = 0 are

shown in the figure.
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15b,d respectively. It turns out that this selection of numerical outer boundary

has quite strong effect to the calculated resvJts. Figure 15a shows very good

agreement between the numerical and analytical solution exists even for a = 0.97

{St = 20). By contrzist, in Fig. 15b an x-wise oscillation of the time-averaged skin

friction curves for low o (0.69, 0.97) appears although for higher a (1.38, 1.95)

the analytical solution still agrees well with the numericad one. Through a series

of numerical experiments, we fovmd that the above x-wise oscillation for smaller

a is only due to the negative uqx 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 rj when a

is small (0.69, 0.97). For larger a (1.38, 1.95), the oscillating layer is thinner so

that the Taylor expansion is valid for larger r] {> 10), and hence, the oscillation

did not occur. Although, it can not be determined whether rj = 5 is large enough,

however, this finite boundary was foimd 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. 15c in contrast to both unfavorable and favorable effects

shown in Fig. 15a.

It is clezir 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 a 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 weis 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 A2{X) with L, = 0, B = 10 is used. We

see that the streaming changes bsisic 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

in Fig. 16b. The maximum displacement thickness used for determining the

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 a 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 a = 0 amd a = 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 r, ~ 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 t ̂  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 a should be determined by other

criteria, such as the chainges in the lift or drag coefficient due to the streaming.

As mentioned in Chapter 2, the msudmum 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 £, is shown in Figs. 19a and 19b for the bub

ble and breEikaway 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

The cjilculated 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 flgures

that the better separation control is associated with larger values of B (but not too

large to give necessary sharpness of A(A^)'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 imderlying the separation control by forcing

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

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

ODEs, from which the analytical resxilts 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 imderstanding 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.

2. The important parameter a = 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 amplifled 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 smd the streaming equations can not

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

we introduced the simplified local boundzuy^ 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 £is a decreases for a ~ 0(1), and that in the range of 0 < a < 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. It has been shown that the streaming effect is strongly dependent on the

location of forcing and the local vziriation 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

resonzince effect should also be studied.

2. It is highly desirable to use the full triple-deck numerical solution of the

basic steady separation to replzwre the Taylor expansion in the calculation of

breakaway separation, though, the matching of solutions in the three decks

may be diflBcult.

3. 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.

4. 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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