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Abstract. This work deals with the effect of the riblets on the coherent structures near the wall. The 
emphasis is put on the genesis of the quasi-streamwise vortices in the presence of the riblets. The 
quasi-streamwise vortices regenerate by the tilting of wall normal vorticity induced by prevailing 
structures. This requires a mechanism which leads to a temporal streamwise dependence near the 
elongated flow structures and to a subsequent formation of new wall normal vorticity. It is suggested 
here that the action of existing quasi-streamwise vortices on the sidewalls of wall normal vorticity 
may create a local, streamwise dependent spanwise velocity and therefore, a secondary wall normal 
vorticity field. A preliminary analysis of the set-up and the time and space development of this 
secondary three-dimensional flow associated with the regeneration mechanism, is given. An attempt 
is made, in order to explain the drag reduction performed by the riblets through an intermittent model, 
based on the protrusion height. Logical estimates of the amount of drag reduction are obtained. The 
differences between the mechanism suggested here and those based on forced control experiments 
are also discussed. 

Key words: near wall turbulence, regeneration of the quasi-streamwise vortices (QSV), set-up of 
three dimensionality near the QSVs, effect of the riblets, forced control experiments 

1. I n t r o d u c t i o n  

The research devoted to the mechanism of  drag reduction performed by the riblets 
is confronted to the slight alteration of  flow structures generating the wall shear 
stress. In addition to that, this effect is localized in a thin region near the wall. 
The experimental  work is t remendously delicate in these circumstances. That part- 
ly explains the discrepancies found in the published results concerning the fine 
structure o f  the near wall turbulence in riblets mounted boundary layers (see for 
example Tardu et al. [39] for a short review on the bursting process). One has to 
add to these complexities our lack of  clear understanding in the kinematics and 
dynamics of  the turbulence producing eddies even, in the simple canonical flat 
plate case. 

Most  of  the existing experimental  data deals with the modifications of  the 
structures related to the streamwise flow. This is probably, because, these quantities 
are easier to measure, but, also because the importance of  the cross flow in the 
genesis of  the near wall structures has only recently been discovered [6, 34]. For  the 
past few years, the differences in the reaction of  the streamwise and cross viscous 
Stokes flows in the presence of  the riblets have been well known [2, 23]. The virtual 
origin of  the viscous spanwise velocity is higher than that of  the streamwise velocity 
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in drag reducing configurations. Until now, this characteristic has been interpreted 
as being the capacity of the riblets geometry to impede the instantaneous cross 
flow more than the longitudinal one and to reduce "the whole turbulent momentum 
exchange" ([2], p. 125). The drag reduction, in return, is explained by a more 
important resistance to the cross flow because its virtual origin penetrates further 
into the flow [23]. However, at the present time the consequence of this phenomena 
on the wall shear stress producing eddies is unclear. It is widely accepted by 
now, that the elongated quasi-streamwise vortices (or one-legged hairpins) are 
the dominant feature of the inner layer [33]. On the other hand, there is a close 
relationship between the existence of these structures and the generation of the 
drag. The passive or active control of the former, depends upon the intervention, 
either directly on the quasi-streamwise vortices, or indirectly on their interaction 
with the near wall flow. Curiously, the genesis of the streamwise vorticity layers is 
intimately related to the cross flow. The question asked here, is how is the process 
of regeneration of active structures modified by the riblets. 

This work focuses on the near wall vorticity dynamics in the canonical and 
manipulated turbulent boundary layers. A short review on the spatio-temporal 
reaction of the near wall turbulence to the riblets is given in Section 2. This 
is further developed in Section 3 wherein it is attempted to explain the relative 
stability of the flow within the ribs when there is decrease of drag. A conceptual 
model of the regeneration of the quasi-streamwise vortices is proposed in Section 4. 
An intermittent mechanism which leads to drag reduction is suggested in Section 5. 
Finally, some observations are made in Section 6, on the consequences of artificial 
and selective introduction of spanwise velocity at the wall which was recently used 
to model the riblets mounted boundary layer by Jim6nez [19]. Some concluding 
remarks are made in the last section. 

2. Summary of the Effect of the Riblets on the Near Wall Turbulence 

2.1. EFFECT ON THE SPATIO-TEMPORAL BEHAVIOUR OF THE NEAR WALL 

TURBULENCE 

The dynamic process which takes place within and near the riblets is of major 
importance in order to explain the mechanism of drag reduction. It is difficult to 
explore this process by means of experimentation. Carefully conducted one point 
measurements of the Reynolds shear stresses including quadrant decomposition 
within and immediately above the grooves exist but they are rare [4, 45, 46]. To the 
author's knowledge, the details of the vorticity fields are only available from the 
numerical simulations. There is a chance of experimental insight into the vorticity 
statistics by making use of the PIV as one of the referees has pointed out, but the 
author was not aware of such efforts when this paper was in preparation. The data 
obtained by direct simulations [8] and 2 1/2 models [42, 43] indicate an important 
decrease in the intensity of the streamwise and spanwise vorticity fluctuations, 
showing that the streamwise vortices responsible for the bursting near the wall are 
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weakened in the presence of the riblets. It seems that there is a reasonable link 
/ 

between the decrease of the streamwise vorticity fluctuations co x = ~ and 
the observed trend of the bursting frequency of Tardu et al. [39] (Fig. la). The 
decrease of the spanwise vorticity intensity is also interesting and may indicate that 
the vorticity associated with the legs of the hairpin vortices is lower. Consequently, 
the lateral expansion of the near wall structures is also weakened by the presence 
of the riblets as suggested by Walker [47]. Note however that, in a drag increasing 
configuration the spanwise vorticity fluctuations decrease above the riblet valley, 

above the riblet tip however, is as in a drag reducing case [8]. The increase in oJ z 
quite significant and dominates the near wall dynamics. 

The increase of the flatness of streamwise velocity fluctuations related to the 
intermittence is a well-known characteristic of the riblets sublayer [7]. The high 
order statistics of the time derivative of streamwise velocity fluctuations du~/dt 
are even more interesting because they are more closely related to the vortici- 
ty mechanics near the wall. Tardu et al. [39] reported that the flatness Fdu,/d t is 
significantly larger above the riblets compared with the standard boundary layer 
(Fig. lb). The skewness Sdu,/d t is in return unaffected. The former is qualitatively 
related to the production of the mean square vorticity by stretching, and provides 
a measure of the importance of non-linearity in the inner layer which is, therefore, 
only mildly sensitive to the riblets. Supposing that the Taylor hypothesis is valid, 
the increase of Fdu,/dt indicates, in return, that the occurrence of the streamwise 
variations of the longitudinal velocity du~/dz is more intermittent in the manip- 
ulated boundary layer. This is in agreement with Chu and Karinidakis [9] who 
observed that the streamwise motion of the near wall structures is less wavy in the 
riblets sublayer. This point, together with the set-up of the undulatory motion of 
the structures during the regeneration cycle are deferred to Section 4. 

2.2. EFFECT ON THE SPATIAL EXTENT OF THE NEAR WALL STRUCTURES 

An increase in the spanwise extent of near wall structures obtained either by long 
time spanwise correlation distributions at zero time delay [13], by conditional 
correlation measurements [7] or by visual counting [1] is commonly reported by 
several authors. The increase in the size of the eddies is consistent with the drag 
reduction mechanism suggested by Lumley and Kubo [25]. These authors argue 
that the quasi-streamwise vortices near the wall negotiate the sharp peaks of the 
riblets by growing larger. Such an increase is also predicted by the recent conceptual 
model of Jimgnez [19] which shall be discussed at length in this paper. 

There are just as many studies indicating that the sizes of the structures are 
unaffected by the riblets. For instance, the flow visualisations of Hooshmand et 
al. [15] showed no apparent differences in the average spacing between structures. 
The interesting point they reported concerns the capacity of the riblets to constrain 
the flow marker within the ribs and to weaken the interaction between the adjacent 
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Fig. 1. (a) Distribution of the bursting frequency [39] and the rms of the streamwise and 
spanwise vorticity fluctuations ([8], Figure 14). BME and BSE refers to respectively to the burst 
with multiple and single ejections. The subindices Riblets and CBL designate the manipulated 
(by the riblets) and canonical boundary layers. The origin in y+ is the tip of the riblets and 
the friction velocity on the smooth wall is used in the non-dimensionalization. (b) Flatness of 
dz~'/dt according to Tardu et al. [39]. 
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Fig. 2. Drag reduction mechanism suggested by Choi et al. [8]. 

grooves. This is one of the main effects of the drag reducing surface geometry as 
will be discussed in Section 4. 

A further example of disagreement came recently from Choi et al. [8]. The 
results inferred from the direct numerical simulations (DNS) undertaken by these 
authors are along the same lines as Hooshmand et al. [15], in that the locations 
and sizes of the streamwise vortices are not drastically affected by the changes 
in surface geometry. Consequently, the drag reduction mechanism they propose is 
not based on the modifications of the sizes of the structures. They suggest that, 
when the riblets pitch is smaller than the average diameter of the quasi-streamwise 
vortices, the high skin friction they induce by sweep motions is limited to a smaller 
area near the tips (Fig. 2). This suggestion presents several shortcomings, even 
though it gives a reasonable estimate of the optimum riblets pitch which should 
not exceed the average diameter of the structures. This is rather a "geometrical 
approach". First of all, the drag reduction obtained with the scalloped riblets of 
similar sizes, can scarcely be explained by this model (Fig 2). Secondly, 40% of the 
quasi-streamwise vortices are located at y+ < 30 with diameters d + = 10-60 [32, 
33]; here, (+) stands for the quantities non-dimensionalized by the wall variables, 
i.e. the viscosity u and the shear velocity u~-). This indicates that the action of 
the smaller structures near the riblets may still be significant in a drag reducing 
configuration. 

A quite different mechanism is proposed by Phillips [29-31 ]. This author argues 
that the riblets may excite the most unstable mode at Craik-Leibovich sense which 
has a spanwise wavelength of about 20-40 wall units, resulting in vortices smaller 
in diameter and confined to the buffer layer. This is a quite interesting point of view, 
but the present author found no evidence of such a mechanism in for example the 
DNS data of Chu and Karinidakis [9], and of Choi et al. [8]. 
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Fig. 3. Structure genesis following Jim6nez and Moin [16]. 

3. New Developments in Near Wall Turbulence Research and Their 
Implications: Overall View 

We will first summarize some of the mechanisms of the regeneration of near wall 
turbulence generating events revealed by recent studies. In this section, the accent 
is put on the behaviour of near wall transverse vortices and shear layers together 
with their interaction with the riblets. The genesis of the elongated streamwise 
structures is discussed in more detail in Sections 4 and 5. 

Jim6nez and Moin [16] studied the regeneration mechanism in the minimal flow 
unit necessary to sustain the turbulence. The dimensions of the unit are A + ,,~ 100 
in the spanwise and A + ~ 250-350 in the streamwise directions. The first value is 
the streak spacing as expected and the second is the minimum streamwise distance 
of the active eddies. It is interesting to note that the former coincides reasonably 
well with the distance separating the ejections of clusters of events. Indeed the 
time interval between the multiple ejections is about At  + = 20 at y+ = 15 [40]. 
Using a convection velocity equal approximately to the local one U + this results 
in a streamwise distance between structures of At + = 225. Jim6nez and Moin 
detailed the mechanism in the very near wall region because the minimum flow 
unit is incapable of modelling the outer flow structures. The basic elements of the 
process they suggested can be summarized as follows (Fig. 3): 

- Most of the vorticity in the viscous sublayer is in the spanwise z-direction, and 
the stress producing quasi-streamwise vortices which are the basic structures 
in the inner layer (10 < y+ < 100) originate from the tilting of the Wz vortex 
lines. 

- Very near the wall, the transverse instantaneous velocity components v and 
w are governed by the streamwise vorticity a~x. Indeed, since in this region 
O/Ox << O/Oz it can easily be shown that: 

1 0 w x  y2 and w = yw~. 
u , .~-Wzy;  v '~  2 Oz 
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- The prevailing transverse shear layers wherein the wall normal and spanwise 
vorticity (wv, wz) are concentrated at a given time are pushed away by (v, w) 
induced by the interaction of the quasi-streamwise vortices with the wall fluid. 

- An x-dependence is necessary for the forward tilting of the (wy, Wz) layers in 
the flow direction, to regenerate a new quasi-streamwise vortex and close the 
cycle. One has indeed: 

Dw~ Ou Ow Ou Ov Ou 
-~- - -  _ _  + p V 2 W x  . 

Dt  - W~ O--x Ox Oy Ox Oz 

It is clear that without streamwise x-dependence, the stretching, tilting and 
twisting terms in the rate of change of wx vanish. In the viscous wall region, the 
largest contribution to the rate of change of the streamwise vorticity, is the tilting 
of Wz with a net contribution of - (Ow/Ox)(Ou/Oy)  [6, 14]. The stretching of 
the existing streamwise vorticity and the twisting of the spanwise vorticity are 
of secondary importance. The induction of the x-dependence near the elongated 
streamwise structures should be somewhat related to their interaction with the 
wall flow, i.e. to the structures themselves in conformity with the "regeneration 
philosophy". This is not an easy task as will be discussed in Section 4. One point 
of view is that the three-dimensionality of the prevailing shear layer is set up by 
the undulatory motion of the low speed streaks associated with the inflectional 
instability due to the instantaneous spanwise variations Ou/Oz of the fluctuating 
longitudinal velocity [14, 37]. 

The key elements are now present to interpret the weakening of the quasi- 
streamwise vortices and probably the presence of the weak secondary vortices 
near a drag-reducing riblet wall [1, 43]. Two suggestions may already be made, 
namely: 

1. The riblets prevent and weaken the set-up of the three-dimensionality within 
the ribs by limiting the lateral motion of the z vorticity layer pushed away by 
a quasi-streamwise vortex as shown in Fig. 4. The author believes that the most 
pronounced effect of the riblets is presumably the shortening of the time period 
that the low speed streak instability requires to develop. In order to make an 
order of magnitude analysis of such a developing time, one needs an idea of the 
spanwise expansion rate of the z-vorticity layer. Taylor and Smith ([41], p. 93) 
have shown that the spanwise spreading rate of a typical hairpin structure* is about 
A z / A x  = 0.05. That gives a typical spreading velocity of the vorticity layer of 
about: 

V+z-  Az  + A x  + _ A z  + u+ 
Ax + At  + Ax  + ~, 

where u + is the convection velocity of the related structure. Since the convection 
velocity of the vortical structures is u + = 10 for y + < 10 [37], V+z ~ 0.5. In adrag 

* The similarity between the regeneration mechanism studied here and the one-leg hairpin model 
is recalled (see [16], p. 235). The spreading rate of the z-vorticity should therefore be similar to the 
spanwise spreading rate of a similar hairpin structure. 
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Fig. 4. Possible effect of a quasi-streamwise vortex on the flow near the riblets. 

reducing configuration and when a quasi-streamwise vortex is within the groove 
with the width typically 8 + = 12, the time of the set-up of the spanwise instability is 
about t+u/Oz = s+/v+ z ,.~ 20. The governing instability can therefore persist only 

up to 20 wall units and this is significantly smaller than t+/oz = 60 reported by 
Swearingen et al. ([37], p. 295) in the canonical boundary layer. Jim6nez and Moin 
[16] also report that the lifting of the wall vorticity and the subsequent deviation 
from the two-dimensionality is a slow process which requires a time interval of 
about 100 wall units (Fig. 25, p. 235 of their paper). Note that in a drag increasing 
configuration with large riblet spacing s + = 40, the set-up time is large enough to 
regenerate new structures within the ribs, enhance the momentum exchange and 
eventually increase the drag. Consequently and although there is no reason that 
smaller quasi-streamwise vortices can interact with the flow within the ribs, the 
induced streamwise tilting of the wall vorticity layers necessary to regenerate new 
streamwise structures can only mildly occur in this region. The lift-up vorticity 
layer can also be weakened by strong viscous dissipation as it develops from one 
to the adjacent tops of the ribs [38] reducing the regeneration of adjacent v and 
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w velocities. This seems to explain the remarkable stability of the flow within the 
riblets and their capacity of"accumulating slow flow in the riblet grooves" reported 
by several authors [42, 43, 48]. Small quasi-streamwise vortices can however still 
be generated because of the strong shear present near the tips as shown in Fig. 4, 
but these structures are probably less significant. 

Swearingen et al. [37] have shown that the undulation of the low speed streaks 
occur simultaneously with strong quadrant 1 and quadrant 4 vw events prior to the 
break up into chaotic motion. This mechanism is similar in every aspect to the one 
detailed by Brooke and Hanratty [6] and Bernard et al. [5]. The former indicated that 
the new quasi-streamwise vortices are born in time when the x-vorticity is enhanced 
by the tilting of wall normal w v vorticity through - (Ow/Oz)  (Ou/Oy), i.e. when the 
tilting causes a large decrease or increase of the instantaneous spanwise velocity 
w in the flow direction. This phenomena which is rather newly observed, indicates 
that the drag is mainly governed by the control of this term. In a drag increasing 
configuration for which the birth process may eventually occur in the riblets valley, 
the set-up of high cross-flow velocities may generate strong secondary riblet eddies 
as observed by several authors (for example [43]). 

Consider now the effect of a spanwise vortex filament on the riblet surface 
(Fig. 5). Kawahara et al. [20] studied the long-wavelength instability of a rectilinear 
vortex in a background shear. They have shown that the spanwise vortex filament 
is unstable (and regenerates quasi-streamwise vortices) when: 

r +  2 
/ 3 -  > 0 ,  

2Rv 

where r + is the radius of the vortex in wall units and Rv is its Reynolds number 
R v  = P/27ru (with F being the associated circulation). The physical interpretation 
of this relationship is the set-up of instability when the stabilizing effect of the self- 
induced rotation is opposite to the background rotation. By using the distribution 
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of the diameter and the Re number of the spanwise vortices given by Robinson 
[33], Kawahara et al. [20] have shown that the most unstable wavelength )~ is close 
to the streak spacing. At y+ = 5 for instance, ),+ = 60 and it is interesting to note 
that )~+ ~ s + in a drag increasing configuration in which the instability may freely 
develop. According to these results, it may be suggested that the riblets inhibit the 
break-up of the spanwise vortex filaments tip to tip which eventually leads to weak 
quasi-streamwise vortices in the valley. Consider indeed those spanwise vortices 
which are embedded between the ribs and are potentially capable of enhancing 
streamwise vortices. In order that such a process takes place, the most unstable 
spanwise wavelength of the transverse vortex has to be limited by the width of 
the riblets i.e. )~+ < s +. Considering that the vortex diameters are still a linear 
function of y+ i.e. r + = ½ > t~y + (with n the Karman constant) in the same way 
as in the canonical boundary layer (CBL hereafter) that results in: 

-- 8+ 

and 

N2 y2+ 
/3- 

8 Rv 

Following Kawahara et al. ([20], p. 406, Fig. 2) the maximum instability for a fixed 
/3 is approximately linear until k+r + = 1 with/3 ,~ ½ > k+r +. Combining these 
relationships, th e upper limit of the Re number associated with an unstable vortex 
is Rv < 0.05y+s + ~ 0.05s +2. For a drag reducing case with typically s + = 15, 
that results in Rv < 10 which is small compared with the mean Reynolds number 
Rv = 30 of the spanwise vortices in a CBL and which consequently leads to 
smaller growth rates (Fig. 5). This quite crude model could be an indication of 
the presence of weak quasi-streamwise vortices within the ribs. This approach is 
however open to several criticisms, firstly because the estimation is based on CBL 
and secondly in the region which is investigated here the transverse vortices are 
only occasionally present. 

2. In the riblet's buffer layer the regeneration mechanism is active and the 
set-up of streamwise dependence through the wall normal vorticity takes place 
in a manner similar to the CBL. Since, "significant spanwise variations of the 
vorticity fluctuations occur only near the riblets" ([8], p. 15) in a drag decreasing 
configuration, it is expected that the birth of new structures occurs in a more 
localized fashion compared with drag increasing configuration for which there is 
further penetration of the wx, wy, wz distributions into the channel. 

It is expected that in this region the riblets do not drastically reduce the number of 
active events but alter their strengths by interactions between the naturally existing 
structures and the secondary eddies induced near the ribs. A possible scenario is 
given in Fig. 6. Since there is no limitation to the streamwise development of the 
flow, it is not expected that the tilting of Wy will be drastically affected in this 
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Fig. 6. Effect on the quasi-streamwise vortices in the riblet's buffer layer. 

region. What should be expected on the contrary is a mitigation of wall normal 
vorticity a~ v by the presence of drag-reducing geometry. The discussion of this 
effect is deferred until Section 5. 

The DNS indicated that in a drag reducing configuration, the significant span- 
wise variations of the turbulence intensities occur only very near the riblets, while 
the effect of the "riblets penetrate further into the channel in the drag increas- 
ing case" ([8], p. 13 and Fig. 10). The variations of Ou/Oz are localized within 
y+ = 10 for the case s + = 20, while this region is broader (y+ = 30-40) when 
the riblets increase the drag. The enhancement of the streamwise vorticity by the 
twisting term (Ov/Ox)(Ou/Oz) is therefore localized in a thinner region above the 
drag reducing riblets. This could lead to a local weakening of the quasi-streamwise 
vortices. It should be noted however that the contribution of the twisting of C~z is 
negligible and the terms in the right hand side of the Dw~/Dt equation become of 
the same order only at the outer edge of the buffer layer (y+ > 40). This reasoning 
is therefore not convincing. 

These arguments provide only a qualitative and global image of the effect of 
the riblets. They are concentrated on the mechanism within the ribs but they do 
not clearly explain why the structures are weakened above the drag-reducing riblet 
wall. It is attempted in the following, to further develop these points of view, by 
putting the accent on the genesis process. 

4. Detailed Analysis of the Regeneration Mechanism - Some Suggestions 

The regeneration mechanism as revealed by recent studies presents several subtle 
details which are not obvious at first glance. To summarize the chain of events 
during the regeneration processus, we reproduce in Fig. 7 the results obtained by 



360 SEDAT F. TARDU 

b 

1 5 0  

1 0 0  

Y 

5 0  

Y-Z plane X=964.8 

. . . . . . . .  . , , i i i % • 

/ 

ti . . . . . . . . . . . . . . . . .  
. . . . . . . . .  i :- 
i i [ , [ ,  ~ ~,i ;7 i i , t ,~ l . ,~ , i  i 

0 
3 0 0  3 5 0  /4oo 450 

1 5 0  

100 

50 

0 
3OO 

Y-Z plane X=1024.2 

. . : : : :  . . . . . . .  ~ I ' ' , ,  
- .  . . . .  o •  . . . . . .  

a ~ , a l  k f , i  
350 I 400 450 

d 

Y-Z plane X=1083.5 
1 5 0  . . . . . .  ~ . . . .  , 

. . . i p ~  . . . . . .  

[..-::::::;,,, 

1 0 0  -~ . . . . . . . . . .  " . . . . . . . .  
. _ . .  . . . . .  , , C ,  . . . . . .  

. . . . . . . . . . . . . . . . . . . . .  t 

: : : " "  " ' :  : ' 2 , . ' . 7 2 2 :  : ; 
. . . . . .  . ;. . . ' - - . . - \ ,  - - ' :  - : ' 
i .  "- ." . , .,i~,~ . . . .  

0 ':; i i,i ,) i ~ ,  ",~'~'~T 
3 0 0  3 5 0  I 4 0 0  450 

1 5 0  

Y-Z plane X=1142.9 
• , , , , . s t . . . . . . . . . . .  

. . . . .  . # I # . . • ~ . . . .  

. . . . .  # t i , . , . . . .  

. . . . .  p # i , . . . . . . . .  

1 0 0  . . . . . . . . . . . . . . . . .  

. . . . . . . .  j , . . . . . . . . .  

50 . . . . . . . .  . , . ,yx-~ . .  , ; ; ; ". 

u300 3501 400 450 

Fig. 7. Evolution of a typical stress-producing eddy in the cross plane at a fixed time 
reproduced from Brook and Hanratty ([6], Fig. 3 of their paper, p. 1013). The solid encircled 
areas enclose positive streamwise vorticity regions ~= > 0.2. The dark areas in Figs c and d 
correspond to the zones wherein w= < - 0 . 2 .  The mother eddy is shown by arrows. 

Brooke and Hanratty ([6], p. 1013). The scenario given by these authors is similar 
in many aspects to that of Bernard et al. ([5], p. 396). 

Figure 7 shows the instantaneous velocity vectors associated with a Reynolds 
stress producing eddy at a fixed time and different streamwise positions. The 
mother eddy with w= > 0 is shown by arrows. This eddy grows in diameter and 
the vorticity at its center increases downstream. It is surrounded by two zones 
of positive vorticity in Fig. 7b. The right hand zone almost touches the wall. At 
the same time, a high pressure zone related to the induced stagnation flow takes 
place on the right (sweep side of the mother eddy). Further downstream, a negative 
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vorticity zone develops on the left, i.e. the ejection side and diffuses near the wall 
(Fig. 7c). The final step is the interaction of the high pressure zone associated 
with the stagnation flow at the sweep side with, presumably, the induced high 
speed u' > 0 streak. The essence of the process is in the creation of a zone where 
the spanwise velocity is negative (Fig. 8) and progressively increases in magnitude 
downstream in the negative - x  direction. This results in the set up of the streamwise 
dependence via Wy = - -OW/OZ < 0 which appears as a longitudinal wall vorticity. 
The high pressure pushes to the left both the mother eddy and the newly created 
w u. This large negative wall normal vorticity is, in return, tilted by the mean shear 
and enhances the negative vorticity patch through -(Ow/Ox)(Ou/Oy) (Fig. 8). 
When the necessary conditions are established, this negative streamwise vorticity 
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quasi-streamwise vortex. The typical dimensions are given in wall units (not on scale). 

may concentrate into a compact core (i.e. roll-up) and regenerates a baby structure 
opposite to the primary one. 

Some of the structural elements commonly observed during the regeneration 
process shall now be summarized. There is a general consensus on the close 
relationship between the streaky structure of the near wall turbulence and the 
presence of the quasi-streamwise vortices in the inner layer. More precisely, the 
streaks result from the advection of the streamwise momentum by quasi-streamwise 
vortices advected near the wall with a convection velocity larger than the local 
one [33]. It is widely accepted that a single quasi-streamwise vortex generates 
respectively a high speed u~ > 0 streak at the sweep part of the induced near wall 
flow and a low speed streak ~ < 0 at the ejection side with u ~ being the fluctuating 
velocity (Fig. 9). The width of the low speed streaks varies between 20-80 wall 
units. The high speed streaks are wider and their span is between 40-110 according 
to Robinson [33]. 

The second structural element is the wall normal vorticity associated with the 
streaks. One may easily show that near the wall co + ~ Ou+/Oz +. It is therefore 
expected that the streaks are "surrounded by strong spanwise shear" [37] since 
they separate alternate zones of high and low streamwise velocity. The wall normal 



COHERENT STRUCTURES AND RIBLETS 363 

vorticity near the wall appears essentially as "the sidewalls of the high and low 
speed streaks" at a certain time and location, as reported by Jimdnez and Moin 
[16]. This is shown schematically in Fig. 9 where layers of positive and negative 
vorticity are denoted respectively by Wy+ and Wy_. The intensity of vorticity in 
these layers varies between 0.2 and 0.5 wall units. Their spanwise extent is about 
20-40 wall units and their streamwise scale is nearly equal to the length of the 
streaks. Since the former are quite elongated in the streamwise direction, it is 
logical to assume that Oa~y+/Ox = Oa~u_/Ox ,.~ 0 except of course at the end of 
the streaks where both vorticity layers terminate. Their y-scale may be quite large 
with a characteristic thickness decaying towards the tails of their distribution. Later 
on in this section it is suggested that part of these vorticity layers may play a capital 
role in the set-up of three-dimensionality during the regeneration cycle. 

The third common observation that emerges from both the quasi two-dimen- 
sional models [27, 28] and full direct simulations is the formation of layers of 
secondary x-vorticity of opposite signs at the wall, underneath the parent vortex. 
Considering that O/Ox is negligible at this initial stage near the primary elongated 
quasi-streamwise vortex, one has therefore a layer of secondary vorticity + ~dx, 0 = 

Oow+/Oy + < 0 caused by the mother ~+ > 0 eddy. The subindex 0 refers to 
quantities computed at the wall and 0 / 0 x  stands symbolically for the streamwise 
variation hereafter. There is no clear explanation from past publications concerning 
the formation of these streamwise vorticity layers. A plausible explanation may be 
given here if it is recalled that the streamwise vorticity flux at the wall is directly 
related to the spanwise pressure gradient following Oow+/Oy + = Op+/Oz +. A 
first order Taylor series gives therefore 

+ Op + + 
(.d x ,  0 - -  O Z  + ~ Y +  -~- a ) x ,6y  + , 

where w+c + is the streamwise vorticity at y+ = @+. A positive spanwise pressure x : o y  

gradient may therefore generate a negative vorticity zone, provided that w+. i ~ 0 
. . . . . .  x~oY T . 
reside the flow next to the wall, and vice versa. Now, the mvlscld flow corresponding 
to a convecfing eddy indicates that the pressure gradient is positive at the left in 
the ejection zone [12]. More precisely, one may show that the induced pressure 
gradient in wall units and in a frame of reference moving with the vortex is: 

....... ( 4 a + 2 )  z+ 
OP+ -- 2R~/qs 1 
O Z  + a + 2  -t- z + 2  ( a  + 2  n t- z + 2 )  2 ' 

where Rvqs = 1-'qs/27rt/is the Reynolds number of the (quasi-streamwise) vortex 
and a + is its distance to the wall. This distribution is shown in Fig. 10 for a + = 20 
and Rvqs = 22. It is seen that favorable and adverse pressure gradient zones 
are respectively located at the sweep and ejection side of the eddy. A model, 
which is based on an unsteady separation mechanism caused precisely by the 
local unsteady adverse pressure gradient, is developed by the Lehigh group. This 
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Fig. 10. The pressure gradient in wall units induced by a typical quasi-streamwise vortex. 
The distance of the point vortex to the wall and its Reynolds number are respectively 20 and 
22 wall units. For further details see Smith et al. [36]. 

mechanism provokes the eruption of new vorticity from the wall by inviscid- 
viscous interaction. This lift-up, in return, destabilizes the shear layer and generates 
a secondary structure. The details of this model are nicely summarized in Smith et 
al. [36] and Walker [47]. 

Ultimately, two juxtaposed patches of streamwise vorticity are expected near the 
wall, one being negative and the other positive located respectively at the ejection 
and sweep sides of the clockwise rotating mother eddy (Fig. 10). This is consistent 
with the results reported by Brooke and Hanratty (Figs 7b and c). The intensity 
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and distribution of the vorticity in these layers of course depend on the space-time 
development of co + next to the wall following 

+ OP + + 
cox,O -- Oz + @+ q- wx,~y+" 

They are also affected by the development of wall normal velocity associated with 
the ejection-sweep phenomena through -Ov/Oz,sy+. 

Initially these vorticity patches diffuse. Without any x-dependence they will 
rapidly dissipate because the enhancement terms in w. Vu all require a streamwise 
gradient. 

The set-up of the x-dependence and the subsequent enhancement of the 
negative streamwise vorticity underneath the mother eddy essentially via 
- ( O w / O x )  (Ou/Oy) is problematic. The main reason for this complexity is obvi- 
ously that a streamwise dependence is hardly conceivable in the immediate vicinity 
of the quite elongated quasi-streamwise vortices. The question that arises is clearly: 
how is the prevailing x-independent wall normal vorticity transferred to a new wall 
normal vorticity through coy,new ~ -  --OW/OX? 

In most of the published studies, the analysis of the regeneration mechanism 
through the set-up of three-dimensionality is only limited to qualitative descriptions 
at this stage. We want to go a step further here by suggesting a chain of events 
which may result in an x-dependent wall normal vorticity. Starting with a co+ > 0 
mother eddy and an immediate near flow with O/Ox + ~ 0 this task consists in the 
achievement of Ow+/Ox + > 0. Subsequently the former is expected to be tilted 
by the mean shear, at the same time reinforce the negative streamwise vorticity 
patch and to finally roll-up into a new quasi-streamwise vortex of opposite sign. 
The necessary conditions for the roll-up are beyond the scope of this paper and 
some key elements may be found in Jim6nez and Orlandi [18]. 

Let us first determine the vorticity components leading to a streamwise gradient 
of the spanwise velocity. Given a vorticity field w, the associated velocity field 
is: 

1 f (x--  x') A 
u(x, t ) = - ~ - ~  J ~-~S x- ~ dV(x'). 

Here, the bold quantities refer to vectors. Suppose that there is a vorticity gradient 
Ow(xt)/Ox ~ at a given time t, and in some region R. The induced velocity gradient 
is computed by differentiating the previous relationship and by integrating by parts 
[17]: 

Ou 1 r (x - xt /x ow(x',t) J Ox~ 
Oz---i (x, t) -- 47c J ~-2x7~ dV(x'). 

R 

This gives for the streamwise variation of the spanwise velocity: 

Ow (x,y,z) 1 f ( x -  x _ Joz' - ( Y - Y ) o z '  
Ox 47r j [(x - x @ -  + ( y -  y,)2 + (z - z')213/2 dx' dy t dz'. 

R 
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It is seen that the streamwise variations of both Wy and Wx in a region close to 
the induced negative x-vorticity may provoke a Ow/Ox and a set-up of the three- 
dimensionality. Both may be a synopsis of the undulatory motion of the low-speed 
streaks observed by several authors, and, in particular Swearingen et al. [37] during 
the regeneration of turbulence-production events. Indeed, the wavy motion of the 
streaks implies both the undulation in x of their sidewalls containing cou vorticity 
and eventually of the quasi-streamwise vortex responsible for the streak formation 
i.e. the compact cox core. Recall, however, that the creation of Ow/Ox due to the 
effect of the stagnation high pressure at the sweep side (Fig. 8) takes place near 
the wall. This excludes the driving role of Ocox/Ox which is expected to be located 
relatively far from the wall. 

It remains to be seen how the variations Ocoy/Ox give rise to Ow/Ox. According 
to Figs 7 and 8 the new COy,new = --OW/OX < 0 builds up somewhere between 
the sidewalls of COy+ > 0 and COy_ < 0 surrounding the high speed streak. An 
asymmetrical temporal development of OCOy/Ox in the vicinity of this zone may 
rapidly develop into a bulk of COy,new vorticity as shown conceptually in Fig. 10. 
Furthermore and according to Brooke and Hanratty (p. 1014) the transfer of existing 
COy to a new -Ow/Ox coincides with the end of the streaks where both COy+ and 
COy_ progressively disappear. In the opposite positive x direction one has therefore 
wy+ c< x ~+ and coy_ o~ - x  n- both exponents being positive. Combining with 
Ocox/Ox ~ 0 one has: 

__ i f  ow (x ,~, t )  ~ - -  ( ~ - x ' )  
Ox 27r 

R 

o~+ (x', z', t) 
Ox t 

× (x - ~,)2 + (z + z,)2 

(z',z',t) ] 
(x - x') 2 + (z - z')2 / dx' dz', 

where [ [ stands for absolute values. This relationship however is somewhat mis- 
leading because the vorticity layers that extend from x' = 4-00, with a constant 
gradient of Ocou+(_)/Ox' (i.e. coy+ cx coy_ oc x) may engender a w(z) but not 
Ow/Ox. Indeed, it may be shown by integrating the preceding relationship by parts 
in x' that: 

Ow 
Ox 

x') 2 (z z')21 1 dz' f OLwY+ ( x -  + + 
- 47c j Ox,2 log (x x') 2+(z-z--~jdx' 

- - 0 0  - - 0 0  

0 +c¢ 

1 t)log[(x x') 2 (z z')2]dx ' f de f A(x',z', - + - 
- - 0 0  - - 0 0  

for z < 0 and an equivalent relationship for z > O. Here 

A(x', z', t) - OZcoY+ 02co~ - i 
Ox a Ox'2 



COHERENT STRUCTURES AND RIBLETS 367 

z 
u =V3- Rv qs (z k -yj ) 

4 a +2 

Tail of  my + layer ~ ~i + 
! iii 

a + 

Rapid destruction 

+ oo exp - ~, 

Tail o f  my_ layer 

iigh speed streak 
u'>0 

/ 
o o  

Fig. 11. Conceptual model of x-dependence set-up. 

represents the asymmetry between the streamwise evolutions of wall normal vor- 
ticity in the positive and negative sidewalls. The first conclusion that may be drawn 
is that such asymmetry is obviously necessary in order for a local streamwise vari- 
ation in w to appear near z ~ 0. The second conclusion concerns the role of A. In 
the case of A > 0, the streamwise gradient of w is unconditionally Ow/Ox > O, 
because both kernels in the integrals are positive. The larger A is, the stronger the 
induced coy,new = --OW/OX < 0 will be. This constitutes the exact condition for 
the enhancement of the premature cox < 0 and the regeneration of a new eddy of 
opposite sign once of course the conditions for roll-up are fulfilled. 

Presumably, when an asymmetry appears in the distribution of the coy layers sur- 
rounding the flow induced by the mother eddy at the sweep side, a local streamwise 
variation in w may be introduced and the set-up of the x-dependence starts in the 
plane (x, z). This may happen for instance when the positive sidewall terminates 
more rapidly in the - x  direction than the negative one or vice-versa (Fig. 11). In 
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the first case n+ >> n_ in the distributions of COy+ c( x '~+ and COy_ c< - x  n-  and 
consequently A > 0. It is logical to assume therefore that a local forcing which 
quickly razes a part of the COy+ layer induces a new sidewall of coy,new < 0 vorticity. 
The effect of the positive large strain near the stagnation point at the sweep side 
provides a plausible cause in this process as will now be discussed. 

With this aim in mind, consider the evolution of the wall normal vorticity near 
the quasi-streamwise vortices. Assuming that this evolution is x-dependence free 
during the early stage of the regeneration process one has: 

OCOy . OCOy . . Oco v _ Ou Ov Ou Ov 
Ot + v ( z ' Y )  Oy + Oz Oz Oy Oy Oz 

.-}- l.JV2coy. 

It is seen that without O/Ox the main term u(Owy/Ox)  in the redistribution of 
wall vorticity by advection is missing. On the other hand and since Ou/Oy is 
predominant, the lifting of the spanwise vorticity ( - ( O u / O y ) ( O v / O z ) )  is expected 
to overcome the stretching of the normal vorticity ( (Ou/Oz)  (Ov/Oy))  in the source 
w • Vv. Neglecting the former one has: 

Ocoy Ocou w Ou Ov { oaCO u OZCOu 
+ v--~--y + -- + u + . ot Oz oy Oz \-gU  -O-;rz  ] 

This equation is expected to govern the growth of the wall normal vorticity near 
the wall and the quasi-streamwise vortices. It manages in particular the sidewalls 
of Wy surrounding the streaks shown in Fig. 9. 

Next consider, the effect of the mother eddy on such vorticity layers. The pattern 
vortex structure acts as a single point vortex with a Reynolds number Ryqs, located 
at y+ = a +, z + = 0, in a frame of reference moving with it (Fig. 10). The 
induced inviscid flow by the vortex and its image have two stagnation points at 
z + = -t-v/3 a + which are located respectively at the sweep and ejection side of the 

vortex [12]. The induced strain at these points is 7 + = -t-x~'-3 (Ryqs/4a+2).  The 
typical ÷ values of these quantities in a turbulent boundary layer are z S = +35 and 
"7 + -- +0.02 obtained with Rvqs = 22 and a + = 20. Figures 9, 10 and 11 show 
that the stagnation point at the right is located presumably within the COy+ sidewall 
which has a mean span of about 20 - 40 wall units. It is therefore expected that the 
stagnation flow at the sweep side interacts with the tail of COy+ distribution, where 
the wall normal scale is smaller than the spanwise one. In this zone the spanwise 
diffusion of wv+ may therefore be neglected with respect to the wall normal one. 
Accordingly, the equation governing such CO+ layers near the stagnation point  y+ 

is: 

0 + + 2 +  COy+ ,.,/+y+ OCOy+ _ 0 Wy+ 

Ot + ~y+ Oy+ 2 • 

This equation describes the development of a Burgers vortex sheet whose asymp- 
totic thickness is determined by the balance between the compression of the vortex 
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layer and the diffusion. The general similarity solution for a time dependent strain 
is given by Corcos and Sherman ([10], pp. 61-62). For a constant strain and y+ ~ 0 
it takes the form: 

co+ y+  o( 
e x p ( - 7 + t  +) 

i - l -  exp( -27+t+) [~ /~  - ~5 +2] + 6 +2 

In this relationship 6 + = x/~-/27 + is the asymptotic thickness of the coy+ layers 
subjected to the steadily positive strain. The choice of 4- depends on whether the 
initial thickness 6i+ is larger or smaller than ~Sa. In the first case the compression 
will concentrate the vorticity, while, in the second, the thickness of the vorticity 
layer will increase up to ~Sa under the dominating diffusion effect. The asymptotic 
thickness is reached in a time of about 

7 + - 1 7+ . 

For larger times the local vorticity disappears exponentially in time according to 
co +y+ o( e x p ( - 7 + t + ) .  Now, the negative coy- sidewall is located far away from 
the stagnation flow. It is primarily under the effect of viscosity. The maximum 
vorticity in this layer decreases therefore as co+ o( l /x/7 ¥-. Recall also that in a y -  
turbulent boundary layer the strain induced by the quasi-streamwise vortices varies 
between -y+ = 0.02 -- 0.04. This implies that for t + >> 2/-/+ the positive sidewall 
disappears almost instantaneously giving rise to a zone of -(Ow/Ox) < 0. To 
give a clearer image of this process, suppose that the material points coy+ near the 
stagnation zone may be viewed as a vortex sheet. Since initially the COy_ layer at 
the opposite sidewall has approximately the same intensity it may be assigned as 
the image sheet of coy+. As much as the strengths dP+/dx '  and d F _ / d x  ~ of these 
sheets are constants the induced flow is the simple plug potential flow u ~ > 0 
corresponding to the high speed streak and the spanwise velocity w is zero. The 
rapid destruction of the coy+ layer by the stagnation flow is accompanied by a 
w < 0 decreasing in the opposite x-direction in a zone where dP+/dx  ~ o( x m+. 

This terminates the new suggestion on the regeneration mechanism made in this 
work and this is summarized in Fig. 12. Note that the approach here is not directly 
related to a shear layer instability mechanism leading to the streak breakdown 
discussed in Section 3. Such instabilities may still develop in coy c< Ou/Oz layers 
under the possible destabilization effect of the terms left out in the vorticity equa- 
tion. The arguments developed here are not yet based on "clean" computations and 
should be considered as a first attempt in order to develop a real quantitative theory. 
There are mainly two points which are encouraging. First of all the generation of 
new structures is related to the effect of the primary ones by means of an interaction 
with existing wall normal vorticity layers by a somewhat deterministic scenario. 
The creation of a new eddy is clearly related to the impingement of sweep flow 
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Fig. 12. Conceptual model of the genesis of quasi-streamwise vortices. 

caused by the parent structure. The arguments developed here predict correctly the 
location (in the sweep side underneath the mother eddy) and the rotational sign 
(opposite to that of the prevailing structure) of the offspring. Secondly the time 
scale of the regeneration mechanism is related to the structures themselves through 
t + ec 2 / 7  + Using the published statistics of the quasi-streamwise vortices one 
obtains a value of t + = 50 + 100 which is curiously close to the ejection period in 
the buffer layer [24]. 

According to this point of view, it may be conjectured that the efficiency of the 
riblets depends upon their capacity to accumulate the wall normal vorticity layers 
within the ribs and prevent the action of the stagnation flow. Previously, it was 
pointed out that the spanwise scale of the co v layers is about 20 wall units which 
is close to the ribs spacing in a drag reducing configuration. This effect alone, 
however would only explain the relative stability of the flow within the ribs or in a 
region close to, but not the weakening of the structures in the riblets sublayer. This 
question is analyzed in the next section. 

In order that the regeneration cycle be completed one should be sure that the 
new structure is able to subsequently create x-independent streaks. Hamilton et al. 
[14] have shown that the source term - (Ow/Ox)(Ou/Oy) contributes only partially 
to direct x-independent streamwise vorticity. The x-independent streaks form at 
later stages of the genesis mainly through the advection v(Oa~x/Oy). This point is 
rather new and its role in the control of near wall turbulence is not clear yet. 

Finally note that the models based on x-independent Navier-Stokes equation 
such as investigated by Orlandi and Jim6nez [28] are obviously not capable of 
producing the enhancement mechanism investigated here. Such approaches are 
quite useful in determining the effect of the longitudinal vortices on the streamwise 
shear and the roll-up mechanism, as clearly shown by these authors. They indicated 
for instance that layers of secondary vorticity which are formed at the wall play 
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an important role in the initial roll-up process but have never been found to roll 
up into new vortices. This is a natural consequence of the x-independence. What 
is suggested here is that these secondary vorticity layers may play a more or less 
significant role in the genesis of the new structures when the three-dimensionality 
is taken into account. 

5. Evolution in Time and Space of the Induced Three-Dimensionality: 
Effect of the Protrusion Height 

The three-dimensional local flow field induced in the vicinity of the quasi- 
streamwise vortices will develop in time and space further to its set-up. It will 
dissipate or intensify depending on the nature of its interaction with the base flow. 
Let the local velocity and vorticity of the former be noted respectively by Ui and 
wi where the suffix i stands for the initial flow field generated by quasi-streamwise 
vortices. The streamwise independence is inherent in Ui and aJi with: 

\ Oy 
Ovi ) Oui . Oui 
Oz i+-0-fz J - - ~ - y  k' 

Consider now the evolution of a three-dimensional secondary field superposed to 
the base flow: 

Us = us(x ,  y, z, t)i + vs(x,  y, z, t)j + ws(x ,  y, z, t)k. 

The corresponding vorticity field is ws(x ,  y, z, t). The nature of the mechanism 
which has triggered Us does not count: it may, for instance be similar to the 
one discussed in the previous section, or be due to an instability of some kind 
coming from the core flow. The objective here is to determine the conditions which 
make the secondary flow field survive long enough to generate a new structure. 
In this context and for the reasons discussed before one has to deal essentially 
with the spatio-temporal evolution of the y-component of the secondary vorticity 
Wys = Ous/Oz - Ows/O~. This clearly partly corresponds to ~ynew introduced in 
the previous section. After splitting, and linearizing around the fields Ui and wi 
one obtains: 

Dwys 
D t  + Us • Vc%i - uV2a~ys = cos • Vv i  + wi • Vvs ,  

where: 

D 0 
+ U i .  V. 

D t  - Ot 

The left hand side regroups the advection of the vorticity by the initial velocity 
field, its redistribution by the secondary flow and diffusion. Two terms at the right 
hand side associated respectively with the initial vorticity f ield (wi • Vvs) and the 
initial f low field (ws ' Vv i )  make up the enhancement of the secondary normal 
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vorticity. The manipulation of the near wall turbulence should consist in controling 
these couplings which are indirectly but intimately related to the regeneration of 
new structures through wys (Ou/Oy). Preventing these interactions leads to either a 
decrease of the frequency of active events or/and a reduction of the circulation in 
the vortices i.e. their Reynolds number. In both cases drag will be reduced. 

There are essentially two main enhancement terms in the Dwys/Dt equation. 
The first one is due to the stretching of the initial wall normal vorticity by the 
secondary v~ gradient through COyi(Ovs/Oy). The secondary y-vorticity will also 
be enhanced when it is stretched by the initial v field i.e. Wvs(Ovi/Oy ) when 
Ovi/Oy > 0. A possibility is the stretching of the newly created vorticity by the 
outcoming (ejection) stagnation flows induced by adjacent counterrotating eddies 
(Fig. 13). It is suggested in the following that the main effect of the riblets is to 
affect directly wvs(Ovi/Oy) and reduce indirectly the strength of the offspring. 

Let us now concentrate on the effect of the riblets. This task is tremendously 
facilitated by making use of the well-known protrusion height i.e. the difference 
between the virtual origins of the viscous longitudinal (h=) and cross flow (h j_). 
There is a large consensus by now among the "riblets community" on the fact 
that the protrusion height p = h± - h= is a key parameter in the understanding 
of the drag reduction mechanism [23]. These authors have clearly shown that p 
is a quantitative characterization of the riblets wall and that the effectiveness of 
the riblet geometry lies on their capacity of impeding the cross flow more than 
the longitudinal flow. Consider the "initial" flow field Ui induced by elongated 
quasi-streamwise vortices in such a configuration. Since by definition Oui/Ox = 0 
the continuity requires that Ovi/Oy = -Owi/Oz and one has consequently vi ~ 0 
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in y < p where wi ~ 0 by definition. The riblets geometry in a drag reducing 
configuration impedes therefore not only the spanwise velocity but also the wall 
normal velocity as long as the "initial flow field" is considered. The secondary wall 
normal velocity may of course still penetrate in the zone y < p, because in this case 
Ous/Ox (: O. The first conclusion is of course that the enhancement of the "baby" 
wall normal vorticity through Wys(Ovi/Oy is impossible in y < p although the 
enhancement effect of the secondary field by ~yi (Ovs/Oy) = (Oui/Oz)(Ovs/Oy) 
may still be present. This is the same situation as discussed in Section 2. It leads to 
the quick dissipation of the structures within the ribs. Secondly, the displacement 
of the initial flow field in the (y, z) plane may have an indirect consequence on 
the enhancement of new vorticity by decreasing the stretching as will now be 
shown. 

Imagine the stagnation flow 7zk - 3'YJ induced by the mother eddy approaching 
the non-slip wall, now placed at y+ = p+, because the initial field (vi, wi) cannot 
penetrate deeper (Fig. 13). The non-slip condition requires the subsequent creation 
of a vortex sheet at y+ = p+ of strength dP+/dz  + = 3,z + and an image sheet at 
y+ = - p + .  It can be shown that these sheets cancel out the potential stagnation 
flow in y+ < p+. They induce in return a wall normal velocity v + = 7+p + [35] 
which is directly connected to the protrusion height. This positive wall normal 
velocity pushes away the adjacent quasi-streamwise structures by Ay + = v+At  + 
during a time period At  +. The former is expected to be short compared with the 
period of the regeneration process because of the well-known intermittent character 
of the wall normal velocity [21]. The immediate consequence is the decrease of the 
strain exerted by the entire initial x-independent flow field at the neighbourhood 
of the mother eddy. Since 3, + cx 1/a +2 one may estimate this decrease by: 

A,./_____++ ~ _2AY+ ~ _ 2 7 + p + A t +  
, y+  a + a + • 

Imagine next that the secondary wall normal vorticity is subsequently provoked. 
Since the flow is x-dependent by now, one still has ws ,-~ 0 at y < p but now the 
continuity requires Ov~/Oy = -Ou~/Ox ¢ 0 and vs ¢ 0 at y < p. Therefore, the 
non-penetration condition for v is shifted down to y = 0 i.e. to the u = 0 non-slip 
wall. This requires the creation of fresh vorticity at y --= 0 which of course does not 
provoke any additional wall normal velocity. In other words v + = ~/+p+ induced 
previously by the interaction of the initial flow field persists only intermittently 
and during short time periods. Its main effect is not to affect considerably the 
position a + and/or the radius R + of the structures but to reduce their influence on 
the enhancement of the secondary wall normal vorticity roughly by: 

AWy~ • Vvi A~ys ~ A7 + 2"7+P+ At+ 

~ys " ~ V i  a)Y s Oy ~ a+ " 
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The weakening of the secondary wall normal vorticity leads to the decrease of the 
streamwise vorticity by the same amount i.e. 

Ac°____~ ~+ ~ _23'+P + A t +  
CO+ a-/- X 

once the regeneration process (including roll-up) is achieved. If it is supposed, that 
the radius of the vortices is more or less unaffected, the decrease in w + results in a 
decrease of the circulation of the quasi-streamwise vortices through 

Aw + A (F+/R+2)  A Rvqs 
co + o( °3 + O( - -  x x Rvqs 

To summarize, the main effect of the riblets is to reduce the strength of the Reynolds 
shear stress producing eddies by intermittently pushing away the elongated stream- 
wise structures in such a way that the stretching of newly created wall normal 
vorticity - (Ow/Ox) is finally attenuated. 

The weaker the quasi-streamwise structures, the smaller the wall shear stress. 
Indeed, the shear stress at the incoming (sweep) stagnation points is closely related 
to the total wall shear stress as shown by Orlandi and Jim6nez [28]. According 
to the simplified model reported by these authors, the stagnation flow develops a 
recirculation bubble of height 2a + and a viscous layer of thickness o( v/ l /" /+.  The 
maximum shear stress in these layers is 

= u+(2a+) .  

Orlandi and Jimdnez gives an estimation of the mean wall shear stress by assuming 
that half of the wall is covered by these high shear layers. This results in 

uW(2a +) 
e + ~ 0.25, R~/-~ V ~ o a+ 

With Rvqs between 2 0 4 0  and a + = 20, one obtains ~+ ~ 0.7-1 (instead of 
one) which is quite satisfactory. This relationship is a rough estimate and should 
be considered as an indicator of the importance of the quasi-streamwise vortices 
in the regeneration of the wall shear stress. In reality Rvqs is Reynolds number 
dependent, the diameters of the vortices change with y+, and the mechanism is 
certainly more complex. Now, if the effect of the riblets is only to weaken the 
quasi-streamwise vortices by reducing Rvqs the reduction of drag is simply: 

A~ + /k Rvqs ~ _23 '+p+At  + 
~+ Rvqs a + 

The right hand side of this equation should be interpreted as the additional effect 
of the riblets with respect to the smooth wall. It is seen that it depends on the short 
time period At + during which the vertical "protrusion height-velocity" is active. 
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It seems to be logical to assume that this time period is of the same order of the 
duration of Quadrant-2 or Quadrant-4 events, i.e. At  + ~ 20. Combining this with 
the typical values of "y+ and a + one finds out that A f + / ¢  + ~ -0.035p + which 
gives a drag reduction of 3.5 to 7% for p+ = 1 - 2. These values are close to the 
results found in the literature. 

The mechanism proposed here is the authors personal point of view. It is 
schematic, partly complete and therefore open to discussion. It is hoped how- 
ever that it offers some key elements in the understanding of the drag reduction 
mechanism. The main point is that the riblets intermittently tilter the incoming 
stagnation cross flow by displacing at the same time and during short periods the 
quasi-streamwise structures and partly prohibiting the enhancement of new struc- 
tures. The net effect is thought only to be a decrease of Rvqs, without an appreciable 
change of the standoff distance of the structures nor their size. These points are 
in agreement with Choi et al. [8]. These authors report a reduction of 12% in the 
local maximum of the streamwise vorticity fluctuations in a drag reducing case 
with s + = 20 and p+ ~ 2. The standoff distance of the quasi-streamwise vortices 
is not affected by the riblets and "the local maximum (of the vorticity fluctuations) 
occurs at y+ ~ 20" (with respect to u-non slip wall) regardless of the presence of 
the riblets which suggests that the center of the streamwise vortex is located on 
average at y+ ~ 20 as above the smooth wall ([8], p. 15). The diameter of the 
quasi-streamwise vortices is not affected either which is also in agreement with 
the model proposed here. If it is supposed therefore that the reduction of Rvq s is 
roughly equal to the decrease of the local maximum of caz one obtains with the 
preceding relationships a drag reduction of 6% which is exactly the value that Choi 
et al. [8] obtained. Note finally that this reduction is reasonably well predicted by 
the estimation A f + / ~  + ~ -0.035p + ~ 0.07 given before. 

There are both concordances and disagreements with the model presented here 
and the one developed by Jim6nez [19]. The model reported by this author starts 
with an initial perturbation which produces an x-dependence in the streaks. The 
former are modelled as coflowing jets and the streamwise scale of the perturbation 
is selected as a multiple of their width. This perturbation is distorted and results in 
a vertical slab of wall normal vorticity with thickness proportional to A + initially 
parallel to the cross plane. This may be identified as the secondary x-dependent wall 
normal vorticity Wus introduced here. Jimdnez argues that the instability causing 
the x-dependence comes from the core flow and that it is amplified by the natural 
Kelvin-Helmholtz instability of the thin w u layers. This could imply that the 
time period of the regeneration cycle should be somewhat governed by the outer 
variables. This is not true for low Reynolds number flows for which it is widely 
accepted that the bursting frequency scales with inner variables. In the model of 
Jimdnez, the induced x-perturbation is initially fed in the Caz layer by a perturbation 
coming from the outer flow and is transferred to Cays by lifting through caz(Ov/Oz). 
On the contrary, in the model proposed here, toys is supplied by a direct effect of the 
prevailing quasi-streamwise vortices. An attempt is therefore made to relate Wy~ to 
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the cycle of structure genesis but such an effort is not immediately perceptible in 
the model of Jim6nez. 

Since there is now an x-dependence, the advection of the secondary vorticity 
by the mean shear (i.e. tilting) is possible. This is clearly the term 

Ui . Vwy~w ~ ui(y, z, t) Owy~ 
Ox 

of the Dwy~/Dt equation. During this stage the remaining terms of the secondary 
vorticity equation are left out. At late stages of the tilting, the wall normal vorticity 
becomes almost parallel to the x-axis and the tilting becomes stretching. The long 
time limit is therefore a Burger's vortex sheet which is axially strained and diffuses. 
The short time limit is the advection by the mean shear. When both trends coincide 
the streamwise vorticity becomes maximum at a given minimum thickness. This 
thickness stands also for the standoff distance d + of the quasi-streamwise vortices 
which result from the roll-up of the vorticity layer. The resulting standoff distance 
is d + ~: A +1/3. The radius R + of the point vortices becomes also a function of 
A + and is given by R + ~ A +2/3. The cycle is closed by a feedback equation 
relating the width of the streaks to R + and d + through A + ~ (R + + d+). The three 
equations with unknowns d +, A+ and R + are combined and good estimates of these 
quantities are obtained. Finally the circulation F + in the vortices is also related to 
the width of the streak assuming that it comes from the one contained in the initial 
perturbation "which is proportional to the wavelength of the initial instability and 
therefore to the width of the streak", i.e. F + c< A + and the vorticity in the layers 
should consequently vary like w + c< F + / R  +2 c< 1/A +1/3. The main conclusion 
is that the key parameters are on the whole related to the standoff distance of the 
layers of streamwise vorticity. The control of wall friction is therefore equivalent to 
the control of d +. Large d + results in drag reduction, i.e. the drift of the streamwise 
vorticity layers decreases the wall shear stress. According to Jimdnez [19] the 
riblets imposes such a permanent drift in a drag-reducing configuration. This drift 
acts intermittently in the model proposed here. 

6. Forcing Control Experiments and Their Consequences on the 
Spatio-Temporal Development of the Wall Shear-Stress 

The recent investigation of Jim6nez [19] will now be discussed. This author relates 
the effect of the riblets to a shift of the standoff distance of the streamwise vorticity 
layers. His suggestion is motivated by the results of a numerical control experiment. 
He introduces the protrusion height p in an intrinsic way, by intervening in the 
transverse non-slip condition through continuous forcing of the spanwise velocity 
at the (u, v) non-slip wall. He fixes the spanwise velocity as w(x +, O, z +, t +) 
-c~w(x +, y+ = 10, z +, t+). Such a forced intervention in the boundary conditions 
at the wall results in a drift of the location of the maximum of the transverse 
turbulence intensity by p+when c~ > 0. Jim6nez argues that this translation may 
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be a consequence of the drift Ad + of the standoff distance streamwise vorticity 
layers away from the wall. A closer look at his data reveals that p+ m 4c~ in the 
range p+ = 1 + 2. By assuming that w varies linearly in y near the wall, one may 
show that the forcing: 

w(x  + , O, z + , t +) ~ -c~w(x + , y+ = 10, z +, t +) 

becomes equivalent to w(x  + , O, z +, t +) ~ - w ( x  +, 2p +, z +, t +) which in turn, 
places instantaneously the virtual transverse wall at y+ ~ p+. The drift Ad + 
results in: 

- an increase in the streak spacing, by: AA+/)~ + ~ 3(Ad+/d+); 
- thickening of the vortices by: A R + / R  + .~ 2(Ad+/d+); 
- an increase in the circulation: zxr+/r+ ~ 3(~Xd+/d+); 
- a decrease in the streamwise vorticity by: Aw+/w  + ~ - ( A d + / d + ) ;  

and a decrease in the wall shear stress by: 

A¢  + 1 A F  + Aa + 2 A d  + 
e-- -7-~2 F+ a + - - -  7~-~ + ' 

Finally the standoff distance is related to p+ by Ad+/d  + ~ 0.04p +. It is seen that 
these estimations give a drag reduction of 8 to 16% for p+ = 1 - 2 which seems 
to be overestimated. On the other hand, the decrease in the wall shear stress should 
be twice as great as the decrease in the streamwise vorticity while the inverse 
is reported by Choi et al. [8] as discussed in the previous section. Furthermore, 
an increase of 8-16% of the diameters of the quasi-streamwise vortices predicted 
by the model is not confirmed by the DNS results of Choi either. More data is 
undoubtedly necessary in particular that dealing with the statistics corresponding 
to the vortices in the riblets layer before drawing a firm conclusion. 

It would be instructive at this stage to state the consequences of a forced non- 
slip condition w(x, y = 0, z, t) ~ 0 on the vorticity dynamics. Consider first 
the evolution equation of the spanwise vorticity Wz,o = - r  at the (u, v) non-slip 
wall: 

O~z,o Oocoz Oow Oow , Oow 
0---7- + w°-gT-z = ~°x'°--d2. + ~,o  0 7  ~- ~,z,O 0--7- + ,.v~oz. 

Recall that the subindex 0 refers to quantities computed at the wall. We have 
therefore: 

a~z,o aoooz aov aow Oo,~ ao,,, ( Oo~ 
Ot + wo Oz - Oz Ox + Oz 0~- + \ Ox 

Oou Oow 
Oy Oz 

ay ) -oZ + 

- -  + uvZcoz. 

The difference of this equation with respect to the conventional w = 0 non- 
slip transverse flow configuration is in the presence of the advection term at the 
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left hand side and the enhancement term at the right. Spanwise averaging ( }, 
with (O/Oz) = 0 leads to the same result reported by Orlandi and Jim6nez [28] 
namely: 

Ot 
/ Oo \ /O o z\ 

- 2 \ < , o - y ; ~  + ,  \ o 2/ 

The non-linear source term at the right comes from the stretching and the spanwise 
advection of the spanwise vorticity at the wall which becomes equal in magnitude 
when the averaging is processed. Now, the forcing w(x, O, z, t) = - w ( x ,  2p, z, t) 
implies roughly that: 

but 

OOW 02pW 
Oy Oy 

- - ~ - - -  and - - ~ - - -  
Ox Ox -Oz Oz 

The subindices in these relationships refer as usual, to the y positions where 
the quantities are performed. Furthermore, in the x-independent flow near the 
quasi-streamwise vortices, Oov/Oy ,.~ -(OZpv/Oy)) by continuity. In these cir- 
cumstances, the source term in the a%0 equation becomes 2(Wz,O(O2pv/Oy)). This 
implies, for instance that a local zone of high spanwise vorticity at y = 0, is 
enhanced by an outcoming flow which develops above the transverse wall. The 
conditions for the generation of spanwise vorticity at y > p are, however opposite 
to those at the u-v non-slip wall. Consider indeed the evolution of (Wz,v) at y = p. 
Since Ovv/Oy ~ 0 when O/Ox ~ O, the wall normal velocity near y = p is mainly 
governed by 0 2 / 0 y  2 and 

l 02v 
v ~ ~ [ ( v  - v )  2 - p2] 

Oy 2 

provided that p is small. It may be shown, in these conditions that (Wz,p} is given 
by: 

/ o v\ 

The last relationship was obtained by using 

1 02v p2 and Up .~ -Wz,pp. 
Vp ~ 2 0 y  2 
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It is clearly seen that an outcoming flow Vp > 0 above the transverse wall enhances a 
low spanwise vorticity zone and not a high one. In other words, the forcing impedes 
and constrains to y < p the expansion of the spanwise vorticity fluctuations each 
time, a low or high shear stress zone is reinforced at y = 0. During such time 
periods, the wall shear stress is generated in a more localized fashion compared 
with the standard boundary layer. If it is supposed that a similar mechanism takes 
place near the riblets, this argument may explain why the effect of the surface 
change is localized within a narrow region when there is decrease of drag [8]. This 
does not provide a clear explanation of the drag reduction in the forced conditions 
for all that. 

The second and the third differences inferred by the artificial forcing are in the 
modifications of the spanwise averaged streamwise and wall normal vorticities at 
y = 0: 

O(Wx,O) < Oow Oou > / Oow \ 
- Ox o v  + .(v0%> Ot 

O(wy,o) 
Ot 

It has to be noted that (Wy,O) = -(Oow/Ox) = 0 for a non-slip wall on which 
the streamwise vorticity may only diffuse. This also implies that the vorticity 
flux at the virtual wall is not necessarily instantaneously balanced by the pressure 
gradient i.e. Op+/Oz + 7L &o+/Oy + [22]. According to Oow/Ox ,,~ -(Ozvw/Ox 
it may be clearly conjectured that once an x-dependent wall normal vorticity 
O3y,new ,~ --(Ow/Ox)y>2 p is established somewhere above the w = 0 wall at 
y = p, a part of this vorticity is transferred to y = 0 but with opposite sign i.e. 
CJy,0,new O( --Cdy,newv>2v (with of course the corresponding image vorticity layers). 
The wall normal vorticity Cdy,newv>2p eventually enhances a streamwise vorticity 
layer as discussed before but now, an equivalent less intense wx,o o( -wx,%>2v 
layer with opposite sign near 0 < y < p is generated too. It may be speculated 
that the subsequent advection of this opposite vorticity into y > p will weaken 
the quasi-streamwise vortices during the growth-up. The opposite thin vorticity 
layers at y < p hardly role up into secondary quasi-streamwise vortices which 
could affect the wall shear stress. The drag is therefore almost solely governed by 
the weakened quasi-streamwise structures located at y > p and is consequently 
reduced. Even in the case where there is roll-up, the effect of the secondary quasi- 
streamwise vortices on the local shear would be opposite through the stretching 
-'r(Oov/Oy): when the structure at y > p enhances the wall shear stress at the 
incoming stagnation point, the secondary structure beneath would act oppose it by 
compressing the s~nwi se  vorticity layer. The indirect consequence of this process 
is the set-up of a w 2 profile in y < p with a maximum at y = 0 due to the diffusion 
of the in___duced opposite streamwise vorticity, and a decrease in the local maximum 
of the w 2 profile at y > p due to the same effect. This is along the s__ ame lines as the 
results reported by Jimdnez ([19], Fig. 3). The thickness of the w 2 profile defined 
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as the distance between the local minimum at y = p and the maximum above 
is not affected as expected. In other words, the location of the quasi-streamwise 
vortices above y = p is equal to that of the structures above a smooth wall. This 
interpretation is different from the one given by Jim6nez [19], in that the drift of 
the standoff distance of streamwise vortices does not intervene here. 

It is highly questionable to argue that such artificial boundary conditions may 
model the structure of the flow in the presence of the riblets. The intermittent model 
proposed in the previous section only makes use of the differences in the virtual 
origins without a selective interference with the existing sublayer turbulence. The 
personal view of the author is that the passive drag-reduction mechanism driven 
by the riblets have different facets compared with the artificial introduction of 
spanwise velocity at the wall. 

7. "Filtering" Effect of the Riblets 

We will end here by making a final comment on the spanwise correlations of 
the streamwise velocity near the riblets performed by Chu and Karniadakis ([9], 
Fig. 13). Their results are reproduced in Fig. 14a. The spanwise correlations of 
the streamwise velocity R~,~,, (z +) are computed by these authors at respectively 
y+ ~ 32 above the smooth wall and y+ ~ 24 above the riblet tips. It is clearly 
seen in Fig. 14a that the minimum in Ru,~,(z +) in the riblets sublayer is much 
more pronounced compared with the smooth wall. This minimum is related to streak 
spacing. Naguib and Wark [26] have shown that the negative correlation peak in the 
spanwise correlation curve R,-,u, of wall shear stress and the streamwise velocity 
fluctuations in the standard buffer layer exists only within certain frequency bands. 
More clearly, the near wall eddies which correspond to high frequency structures 
(obtained by high pass filtering of the signals with a cut-off frequency of typically 
f +  = 0.0025) are responsible for the negative deep. The contribution of the outer 
low-frequency structures to R~-,~,, weakens and even suppresses the local minimum. 
We have recently repeated these measurements in a channel flow at y+ = 12 and 
we show the results in Fig. 14b to fix the ideas [44]. The spanwise correlations of 
the streamwise velocity in the low buffer layer are qualitatively similar to Rr,u,. 
Now, the fact that the negative correlation peak in Ru,u,(z +) above the riblets is 
quite pronounced, could indicate that the "noisy" effect of the outer structures is of 
minor importance. This, in return, implies that the riblets filter the outer structures 
and that the "inactive" motions penetrate the riblets wall region less. 

8. Conclusion 

The effect of the riblets on drag producing vortical structures is analyzed by means 
of near wall vorticity dynamics. The attention is first focused on the flow within and 
immediately above the ribs. It is conjectured that the riblets shorten the time period 
necessary for the spatio temporal development of the low speed streak instability 
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Fig. 14. (a) Spanwise correlation of the fluctuating streamwise velocity according to Chu 
and Karniadakis [9]. Re = 3500 (based on centerline velocity). The y+ locations are shown 
on the figure. (b) Spanwise correlation of the fluctuating wall shear stress and the streamwise 
velocity in a standard boundary layer at fl+ = 12 according to Vezin et al. [44]. Is also shown 
the correlation curve of high pass filtered signals corresponding to the active eddies [26]. 
Re = 8000. 
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in drag reducing configurations. The break-up of the spanwise vortex filaments is 
inhibited, and only those spanwise vortical structures with low Reynolds numbers 
are subjected to long-wavelength instability resulting in small growth rates. Since, 
DNS indicated that significant spanwise variations occur very near the riblets when 
they decrease the drag, it is also suggested that the enhancement of the streamwise 
vorticity through the twisting term (Ov/Ox)(Ou/Oz) should be localized in a 
thinner region, compared with the drag increasing riblets. 

The main enhancement term in the streamwise vorticity generation equation is 
the tilting of the wall normal vorticity through -(Ow/Ox)(Ou/Oy). The genesis 
of new quasi-streamwise vortices depends upon the capability of the primary 
structures to regenerate x-dependent intense wall normal vorticity - (0w/Ox). This 
is somewhat problematic, because a streamwise dependence is hardly conceivable 
in the immediate vicinity of elongated streamwise structures. An extensive analysis 
combined with some recent observations inferred from DNS suggested a chain of 
events which leads to a secondary x-dependent wall normal vorticity. It is shown 
that the impingement of sweep flow caused by a parent structure razes rapidly one 
of the sidewalls of the (initially x-independent) high speed streak. This leads to a 
local asymmetry between the streamwise evolutions of wall normal vorticity in the 
positive and negative sidewalls, resulting in a secondary -(Ow/Ox). The former 
is tilted by the shear and regenerates a new quasi-streamwise structure opposite to 
the prevailing one. The predicted time scale of the regeneration processus is close 
to the ejection period in the buffer layer. 

The space-time evolution of this secondary x-dependent field reveals that it 
is partly enhanced through the stretching of the newly created sidewall vorticity 
by the existing primary wall normal velocity field. In the presence of the riblets, 
and near the elongated flow structures the primary flow is x-independent and the 
cross flow can not penetrate into the protrusion height p. The non-slip condition 
requires the creation of a vortex sheet and its associated image at y = +p. These 
vortex sheets cancel out the flow generated by a primary structure in y < p. They 
induce, in retum, an intermittent positive wall normal velocity which pushes away 
the adjacent quasi-streamwise structures. This results in a decrease of the strain 
they exert on the near wall flow at their ejection side, because the strain is inversely 
proportional to the square of their distance to the wall. The direct consequence 
is the reduction of the enhancement of secondary wall normal vorticity through 
stretching. The indirect consequence is the weakening of the quasi-streamwise 
vorticity layers and of the quasi-streamwise vortices after the roll-up. Since the 
wall shear stress is related to the Reynolds number of these structures, a decrease 
of ¢ is obtained. The model gives reasonable estimations of the amount of drag 
reduction. 

The last part of this paper is devoted to the discussion concerning the differences 
between the model presented in this study and that inferred from forcing control 
experiments. In these experiments, the spanwise velocity at the (u, v) non-slip wall 
is artificially introduced out of phase with the w velocity detected in the buffer 
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layer. The consequences of  forced non-slip condition on the vorticity dynamics are 
analyzed with a double aim, first in order to understand why the drag is reduced in 
such experiments, and second to determine how this forcing affects the near wall 
vorticity dynamics. The analysis of  the spanwise vorticity equation reveals that 
the forcing constrains the generation of the spanwise vorticity fluctuations into a 
thin zone, each time a low or high shear stress zone is reinforced at the wall. It is 
conjectured that this may explain why, the effect of the riblets is localized within 
a narrow region in drag decreasing configurations. The artificial forcing changes 
the structure of the streamwise vorticity equation in such a way that, the quasi- 
streamwise structures above the transverse w = 0 wall are weakened because of  the 
effect of  the streamwise vorticity layers of opposite sign generated by the forcing 
below. These mechanisms differ from those govemed by the intermittent model 
proposed here. 

As one of  the referees has pointed out, the analysis presented in this paper is 
based on the indirect assumption that O w / O z  has a "time dependent coherent" 
part. Although, a number of  recent studies indicate that this is indeed the case, 
further investigations are still needed in order to clarify the genesis process of  the 
turbulence producing eddies. 
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