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The effect of wall suction on the organized motion of a tubulent boundary layer is 
examined experimentally both in a wind tunnel and in a water tunnel. In  the wind- 
tunnel boundary layer, which developed over a slighly heated surface, temperature 
fluctuations were simultaneously obtained a t  several points, aligned in either the x 
(streamwise) or y (normal to the wall) direction. The temperature traces reveal the 
existence of two spatially coherent events, characterized either by a sudden decrease 
(cooling) or by a sudden increase (heating) of temperature. Estimates are presented 
for the average convection velocity, and average frequency of these events. The 
average convection velocity of ‘ coolings ’ is about 15 % larger than that of ‘ heatings ’, 
the velocity of both events exhibiting an important local maximum in the buffer 
region. Near the wall, the convection velocity of both events is increased slightly by 
suction while their average frequency is reduced by suction. Away from the wall, the 
average inclination of ‘ coolings ’ and ‘ heatings ’ is about 40” without suction ; suction 
does not alter the inclination of ‘coolings’ but increases that of ‘heatings’ to about 
50”. Visualizations in the water tunnel indicate that suction increases the stability 
and the longitudinal coherence of low-speed streaks. They also show that suction 
reduces the average frequency of dye ejections into the outer layer. 

1. Introduction 
The idea of treating turbulence as a black box is not new ; in particular, the idea 

of perturbing a turbulent boundary layer (essentially a nonlinear system) and 
examining its response was suggested by Clauser (1956). Some of the information 
obtained by this approach has been reviewed by Tani (1969) and, more recently, by 
Smits & Wood (1985). The major conclusion that can be drawn from these reviews 
is that this information has provided very useful knowledge about the overall flow 
behaviour. However, the associated experiments were not aimed to investigate, a t  
least directly, the response of the organized part of the flow to the perturbation. Such 
an aim seems important in the context of the recent interest in coherent structures. 
The present paper deals with a turbulent boundary layer which is subjected to a step 
change in surface suction. This choice was dictated primarily by the large amount of 
work that had previously been done on this type of change of surface condition a t  the 
Institut de MBcanique Statistique de la Turbulence (IMST) and elsewhere. 

Previous, post-1965 studies (e.g. Favre et al. 1966 ; Aggarwal, Hollingsworth & 
Mayhew 1972 ; Fulachier 1972 ; Verollet 1972 ; Brosh & Winograd 1974; EIQna 1975, 
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1984; Fulachier, Verollet & Dekeyser 1977 ; Fulachier P t  al. 1982; Schildknecht, 
Miller & Meier 1979 ; Ramnefors & Xyden 1984) showed that for turbulent boundary 
layer and pipe flows the changes, when suction is applied. are mainly confined to the 
inner layer with a significant reduction in the intensity of velocity and temperature 
fluctuations. There was an accompanying reduction in the Ite.vnolds shear stress 
and the lateral heat flux although the skin-friction coefficient and Stanton number 
increase owing to the additional momentum and thermal fluxes associated with the 
suction velocity (see e.g. Fulachier P t  al. 1982, 1987). Eldna (1975) and Fulachier 
et al. (1982) reported that the mean period of bursting was increased by suction and 
conjectured that suction should tend to make the viscous sublayer more orderly and 
therefore increase the anisotropy of the near-wall flow. It was also argued that 
suction diminishes the transverse motion morc than the longitudinal motion. 

The main aim of the present investigation is to focus, more directly than in 
previous studies, on the effect of suction on the organized motion in a turbulent 
boundary layer. The particular approach followed was to identify several features of 
this motion in a wind tunnel and in a water tunnel. In  the wind tunnel, the main 
strategy was to introduce temperature as a passive marker of the flow and to use 
spatial arrays of cold wires for identifying events which were described by Chen & 
Blackwelder (1978) as internal temperature fronts or rapid coolings. A close 
examination of the present temperature traces also revealed the existence, previously 
reported by Subramanian et ul. (1982), of spatially coherent events which are 
described here as heatings, since they are associated with a relatively sudden increase 
in temperature. Both ‘coolings’ and ‘heatings’ are studied and three of their 
characteristics - the average convection velocity, average frequency and average 
shape  have been determined. The focus on these events is justifiable in view of the 
possibility that they provide a dynamic link between near-wall and outer regions of 
the layer and of their possible association with the vortex loops or hairpin vortices 
observed by Head & Bandyopadhyay (1981). The flow visualizations were carried 
out in a water tunnel especially designed for this purpose. Despite the low Reynolds 
number in the water tunnel and the inherent limitations of visualization, the latter 
complemented, in an important way, quantitative information obtained in the wind 
tunnel where, in any case, the speed was too high to permit visualizations of 
reasonable quality. By introducing dye at the wall, we were able to visualize the 
effect of suction on low-speed wall streaks and on the trajectory of the dye as it moves 
into the outer layer. 

2. Experimental arrangement and conditions 
Figure 1 is a schematic representation of the experimental situation for which 

measurements and flow visualizations were made in the wind tunnel and water 
tunnel. 

In  the wind tunnel, the boundary layer developed on a horizontal 3.05 m long 
(0.56 m wide) smooth (impervious) metal surface followed by a 1.8 m long (0.56 m 
wide) porous surface. The impervious and porous walls were heated to a constant 
temperature T, relative to the ambient temperature TI of 10 K. Over a longitudinal 
distance of about f 5 6  (6 is the boundary-layer thickness) relative to the 
measurement station, T, is constant (k0.1 K). 

The porous wall is made up of two alundum sections, of equal length and of 2 cm 
thickness. Detailed characteristics of this surface can be found in Verollet (1972) but 
it should be noted that the equivalent roughness height e of this surface was 
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estimated to be about 20 pm. The roughness Reynolds number c+ (= d J , / v ;  
in general, the superscript + will denote normalization by wall variables such 
as the friction velocity U,, the kinematic viscosity v and the friction temperature 
T, = Q,/U,, Q, being the thermometric wall heat flux) varied from 0.6 without 
suction to 0.9 with suction, suggesting that the surface is aerodynamically smooth in 
both cases. 

The mass flux density through the porous wall is given by Darcy's law, viz. 

where Ap  is the pressure difference across the wall, e is the wall thickness, K is the 
coefficient of permeability of the wall material and Vw the velocity normal to the wall. 
When the wall temperature is increased, v, is also increased so that Ap  must also be 
increased to maintain thc same value of pw V,. For the present conditions, Ap was 
increased by 6% when the surface was heated. The estimated uncertainty in 
A p  ( f0.5 %) is smaller than that for the measured value of K ( f 3 YO). As a result of 
these uncertainties and because of the non-perfect homogeneity of the porous wall, 
the maximum variation in pw V, over the full streamwise extent of the porous wall 
was +ti'?&?. 

Most of the measurements werc made at a distance X = 640 mm from the start 
of the porous section. Without suction, S was approximately 62 mm and the 
momcntum-thickness Reynolds number R was 4900 ( U ,  was nominally 12 m/s). 
The friction velocity U ,  = 0.48 m/s (cf = 32 x and the friction temperature 
T, = 0.42 K (Stanton number S t  = 16.7 x lou4). For all measurements, with and 
without suction, temperature acted as a passive scalar : a typical value of the ratio 
&/Re2 (where Gr is the Grashof number gC33(Tw-Tl)/v2Tl and R e  is the Reynolds 
number U , S / v )  is 1.4 x lop4 for the present conditions. The pressure gradient 
was slightly negative, the Clauser parameter 77 = (8*/pU;) dpJdx being equal to 
-0.019 (the displacement thickness S* was 8.1 mm). The magnitude of the wall 
suction velocity Vw was 0.003U, (or A +  = -pw Vw/p, U ,  = 0.055). With suction at 
X = 640 mm, S = 57 mm, U ,  = 0.67 m/s (cf = 62 x m4), T, = 0.56 K ( S t  = 31 x 
The magnitude of the pressure gradient (n = 0.009. with S* = 6.2 mm) was slightly 
positive. 

t Unless otherwise noted, uncertainties were estimated by the method of propagation of errors 
a t  20: 1 odds (Kline & McLintock 1953). 

X F I, \1 l!lO 
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In  the wind tunnel, the dctermination of U ,  was made by a number of different 
methods. For A +  = 0, one determination used the Clauser-chart approach. The mean 
velocity profiles (measured with a Pitot tube connected to a MEKSOR pressure 
transducer) were fitted to the log law 

U+ = K - ~  Iny++C. (1) 

where K = 0.4 and the additive constant C = 5.24. The value of U ,  ( =  0.48 m/s, 
- + 3 % )  was in close agreement with estimatcs (0.48 m / s f 5  YO) obtained by the 
momentum-integral method or by the Ludwig- Tillman formula. The Preston-tube 
method yielded a value of 0.46 m/s ( + 3 % ) .  For A+ = 0.055, the mean velocity 
profiles were fitted to the modified log law (e.g. Stevenson 1963 ; Verollet, Pulachier 

This value of U ,  agreed to within + 2 %  of that determined by the momentum- 
integral method. 

Mean temperature profiles were measured with a 1.2 pm cold wire, with a length 
of about 0.9 mm or 27 viscous units (A+ = 0). In  the form (Tw-T)/(Tw-Tl), these 
profiles were identical with thosc obtained by Fulachier (1972) with a 
chromel-constantan thermocouple for Tw-T, = 22 K. Two methods were used to 
determine T,. One was bascd on the assumed temperature distribution in the 
sublayer, viz. 

@+ = P r y +  (A+ = O) ,  (3) 

and @+ = 11 -exp ( - A + y + P r ) ] / A +  (A+ = 0.055), (4) 
where @+ = (Tw--p)/TT and Pr is the molecular Prandtl number. This method 
yielded the following values of T,: 0.42 K ( f 3 %) for A+ = 0 and 0.55 K ( 5 %) for 
A+ = 0.055. The corresponding Stanton numbers, X t  = U,T,/Ul(Tw-T,), were 
16.7 x lop4 (A+ = 0) and 31 x lop4 (A+ = 0.055). For A+ = 0, the Stanton num- 
ber-Reynolds number relation given in Kays (1966) yielded 17 x lop4 while the 
Prandtl-Taylor form of this relation. given in Brun, Martinot-Lagarde & Mathieu 
(1970), yielded 1 6 . 9 ~  Estimates of T, were also obtained by assuming 
logarithmic distributions, viz. 

( 5 )  @+ = K ; ~  In y+ + C, (A+ = 0), 

W r , [  1 - ( 1  - A+@+)1/2Prt 
A+ 

' = K ; ~  lny++C, (A+ = 0.055), 

where K ,  = K/Prt (Pr, is the turbulent Prandtl number assumed equal to 0.91) and 
C, = 3.1. The resulting values of T, agreed to within f4 %, with those inferred from 
(3) and (4). 

Near-wall measurements of velocity fluctuations u (longitudinal direction) and w 
(spanwise direction) were made with a specially designed V-shaped probe (5 pm 
diameter hot wires). The complete length (1.6 mm between prongs) of the Wollaston 
(Pt-10 % Rh) wires was etched. The wires were operated with DISA 55M10 constant- 
temperature circuits a t  an overheat ratio of 1.6. The wires were welded on four 
independent prongs, with an included angle of 65". The wire centres are separated by 
a distance of 0.86 mm or 26 viscous units (A+ = 0). I n  the near-wall region, where 
measurements were made (figure 2 ) ,  the values of u' (the prime denotes an r.m.s. 
value) are nearly identical with those measured with a single hot wire; without 
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FIGURE 2 .  Near-wall distributions of r.m.s. longitudinal and spanwise velocity fluctuations and of 
r.m.s. temperature fluctuation. 0, u’+; A. w‘+; O,O’+. Open and closed symbols are for A+ = 0 and 
A+ = 0.055 respectively. 

Y +  

suction, the results are in close agreement with those of Klebanoff (1955) and Kreplin 
& Eckelmann (1979~).  For A+ = 0, the values of w’+ arc systematically larger than 
those of Kreplin & Eckelmann (e.g. a t  y+ = 7, the difference is 15%); the present 
value of w‘+ at y+ = 40 (not shown in figure 2) is however in good agreement with 
the first measurement point of Klebanoff (1955). 

Over the region 15 5 y+ 5 100, the correlation coefficient pUw = m/ufw’  was 
essentially zero ( k0.01) for A +  = 0 and equal to -0.07 (f0.01) for A+ = 0.055. For 
yi < 15, the scatter was larger but the average value of puw was -0.05 ( f 0.05), both 
for A+ = 0 and A+ = 0.055, providing reasonable support for the claim of a two- 
dimensional mean flow. 

The temperature fluctuation 8 was measured with single 0.63 pm cold wires, with 
a length-to-diameter ratio Z,,/d,, in the range 1000-1600 (19 < liw < 31). There was 
no significant dependence of 8’ on this ratio. No compensation was made for the 
thermal inertia of these wires since the cutoff frequencies (-3 dB) of the wires were 
always larger than the frequency a t  which the spectral contribution to the 
temperature variance became negligible. For u = 10 insp1, the cutoff frequency of a 
0.63 pm wire is about 5 kHz (e.g. Antonia, Brown & Chambers 1981). To study 
heatings and coolings, an array of 0.63 pm wires was used, each wire having an active 
length 0.8 mm (f0.1 mm). The wires, which lie in the same plane, are parallel to each 
other and normal to the mean flow direction. A maximum of eight wires was used, 
with a nominal separation between wires of 0.9 mm or 1430d,,. This separation is 
well in excess of the longitudinal distance of 150d,, for which Hishida & Nagano 
(1978) found no influence of the wake of an upstream cold wire on a downstream hot 
wire. The separation (4 mm) between prongs supporting individual wires was also 
sufficiently large to minimize the effect of upstream prongs on downstream wires. 

x 2  
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The same array was used in either of two configurations, one with the wires aligned 
in the x-direction and the other with the wires aligned in the y-direction. All cold 
wires were made of Wollaston (Pt-10% Rh) and operated with in-house constant- 
current (0.1 m a )  circuits with identical amplitude and phase characteristics. velocity 
and temperature fluctuations were usually recorded on analogue F M  tapes and later 
digitized for computer processing (HP1000 or VAX 780). In  some cases, direct 
digitial recordings were made on the HPlOOO computer. 

The closed-circwit water tunnel was described by Dumas, Domptail & Dai'en 
(1982). For the present investigation, a porous plate (25 cm long, 16 cm wide) was 
installed on one of the sidewalls of the 20 cm x20 cm vertical working section 
(height z 1.2 m) of the tunnel. Visualizations were made for two different 
configurations of the porous plate. In  the first case ( H i ) ,  which corresponds to the 
configuration depicted in figure 1, the leading edge of the plate wab 64 cm 
downstream of the beginning of the working section where the boundary layer is fully 
developed. In the second case (H2), the wall containing the porous plate was turned 
upside down so that the boundary layer first developed on the porous plate, the 
visualizations being made of the boundary layer on the impervious surface 
downstream of the porous surface. This configuration, in which the boundary layer 
is subjected to a sudden removal of wall suction and is therefore in a state of 
relaxation, diffcrs significantly from case H1 (figure 1). In  both cases roughness was 
used to fix transition and to generate a relatively thick turbulent boundary layer. 
The roughness consisted of two strips, separated by 29 mm in the x-direction. Each 
strip was 28 mm wide and spanned the full width of the working section. For the 
upstream strip, pebbles of average diameter z 4 mm and average height z 5 mm 
were used. For the downstream strip, the average pebble diameter was 3 mm while 
the average height was 3 mm (maximum variation & l  mm). Mean velocity 
measurements were made only for the H i  configuration, using a laser-Doppler 
anemometer fitted with a Bragg cell. At X = 100 mm, the boundary-layer thickness 
S was 50 mm ( U ,  = 16 cm/s, U ,  = 0.78 cm/s, cf = 47.7 x and the corresponding 
momentum-thickness Reynolds number f3 was 620. Four suction rates were used 
for H i  A+ = 0.014 (with V, = -0.00071i1 and 1 5  = 0.80 cm/s), A+ = 0.026 (with 
V, = -0.0014C7, and LTT = 0.86 cm/s). A+ = 0.047 (with V, = -0.0031/, and 
C7, = 0.95 cmjs). A +  = 0.072 (with V, = -0 0048Cr, and tr7 = 1.07 cm/s). For H2. 
only one rate of suction was used A+ = 0.072 with V, = -0.0048G7,. 

Without suction, the determination of U7 in the water tunnel was made by fitting the 
measured velocity profiles to (1) with an accuracy of about 1 3 % .  For this value of 
U,, the velocity distribution in the part of the sublayer that was amenable to 
measurement (y' 2 2.5) followed the linear law U+ = y+ adequately ( f 8 %). 
With suction, U ,  was obtained by fitting to (2), the sublayer data agreeing ( & 8 'Yo) 

with the relation l7+ = 11 -exp (-A+y+)/A+].  
Dye was injected through. 
(i)  a 1 mm diameter hole on the wall centreline upstream of the roughness strip. 

This enabled the complete boundary layer to be marked with dye; 
( i i )  a 0.8 mm diameter hole on thc wall centreline 63 mm upstream of the porous- 

plate leading edge (H 1 )  or 63 mm downstream of the porous-plate trailing edge (H2). 
This enabled us to estimate the effect of suction on a single dye streakline that is 
introduced at  the wall. The dye flow rate was 1 . 1  mm3/s corresponding to a wall 
injection velocity of 0.28U,; 

(iii) a narrou slit (strcarnwise extent = 0 2 mm. spanwise extent = 180 mm) flush 
with the wall. 30 mm upstream of the porous plate for H i  or 30 mm downstream of 
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the porous plate for H2. This permitted the introduction, at the wall, of a thin 
sheet of dye. To avoid disturbing the near-wall flow, the dye flow rate was small 
(z 35 mm3/s); the corresponding wall injection velocity was about 0.12U7; 

( iv)  0.8 mm diamcter hypodermic tubes located in the three-dimensional 
contraction upstream of the working section, either for marking the edge of the 
boundary layer or for indicating the behaviour of individual dye streaklines within 
the boundary layer. 

Two water-diluted dyes were used : fluorescein and rhodorsil (a white silicone oil 
emulsion). Photographs of the ( x ,  y)  (main shear) and ( x ,  z )  (spanwise)-planes, 
illuminated with narrow sheets of light, were taken using a synchronized flash. Films 
were also made with a Super 8 mm camera of views in either the ( x ,  y)-plane or the 
(x,z)-plane for H i  and H2. 

3. Near-wall turbulence measurements 
As was established in the __ previous studies, the ~ magnitudes, in the inner region, of 

the Reynolds shear stress u+v+, the heat flux v+8+ and the r.m.s. intensities u’+, v’+, 
8’+ are reduced by suction. Since the smallest value of y+ for which X-probe 
measurements could be made in our case was 30 for A+ = 0 and 44 for A+ = 0.055, 
it was not possible to  measure v in the near-wall region. This is the reason why i t  was 
important t o  establish the behaviour, in this region, not only of u’+ and 8’+, but also 
of w’+ which, t o  our knowledge, had not been previously measured in a boundary 
layer for A++ 0. The resulting distributions, obtained with the V-probe, for y+ 5 45 
(figure 2) show tha t  while w’+ is reduced by suction, the reduction in u’+ is slightly 
larger. The reduction in the maximum value of u‘+ is about 48% compared with 
about 32 YO for w’+. For the largest suction rate considered in the pipe-flow study of 
Schildknecht et al. (1979), the reduction in the maximum value of u’+ was almost 
twice as large as tha t  in w‘+ and about 2.5 times as large as  that  in u’+ but, for this 
experiment, suction was applied for a very short streamwise distance. The present 
observations and those of Schildknecht et al. (1979) are at variance with the 
conjecture by E l h a  (1975) and Fulachier et al. (1982) tha t  w” would be most 
affected by suction. This conjecture was based on the observation that ,  within the 
viscous sublayer in a fully developed pipe flow, large-amplitude temperature 
fluctuations were more affected by suction than large-amplitude fluctuations in the 
longitudinal velocity. It was argued that  since temperature depends on all three 
components of the velocity vector (Fulachier 1972) and since v is significantly smaller 
than u or w in the near-wall region, suction affects w more than u. 

The reduction in the maximum value of 8’+ is smaller (about 20 %) compared with 
that  in u’+. But  in fact, within the viscous sublayer, we estimate, from the slopes of 
the lines drawn in figure 2 for y+ 5 5, that  du’+/dy+ z 0.30k5 % and dO”/dy+ = 

0.26&5% when A+ = 0 whereas du’+/dy+ E 0.17*5% and dd‘+/dy+ = 0.11*5% 
when suction is applied. Near the wall, 

= 0.57 (I) 
, (F)A++o = 0.42 dy+ A++ 

demonstrating tha t  du’+/dy+ is less reduced by suction than dW+/dy+. The reduc- 
tion in the near-wall value of dw’+/dy+ (0.22 & 9 % for A+ = 0 and 0.12 f 9 % for 
A+ = 0.055) is identical with that  observed for du’+/dy+. The value of 0.26 for 
dO‘+/dy+ when A+ = 0 is in closc agrccment with that  obtained by Krishnamoorthy 8: 
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Antonia (1986) who found that dO‘+/dy+ was unaffected by the length-to-diameter 
ratio of the cold wire when this ratio was in the range of about 600 to 1800. 
The present value of dw’+/dy+ is significantly larger than thc limiting values of 
(dw’+/dy+),+=, reported by Sirkar & Hanratty (197#), Py (1973) and Kreplin & 
Eckelmann (1979a). It should be underlined however that the lincs in figure 2 may 
not represent estimates of slopes a t  the wall since no data were taken at very small 
values of y+. For example, a linear fit to the idf data (extending to y+ z 5) of 
Kreplin & Eckelmann (their figure 6) yields a value for duj’+/d?j+ of about 0.20; in 
contrast, Krcplin & Eckelmann obtaincd a valuv of 0.06.5 for (~~71~ ’+ /dy ’ ) ,+=~ using 
hot films flush-mounted a t  the wall. This suggests that thew is not nc 
any inconsistency between the present measurements arid those obtairicd in othcr 
investigations with wall heat/mass transfer methods. 

Simultaneous measurements of u and 0 were made with a pair of wires (one hot, 
one cold) parallel t o  the wall and normal to the mean flow. The wires were at 
nominally the same distance from the wall. The magnitude of the correlation 
coefficient between u and 0 was about -0.8. The close similarity between u and 0 is 
apparently maintained when suction is applied and the stabilizing influence of 
suction is felt more strongly on the longitudinal than on the spanwise velocity 
fluctuations. 

It should be noted that the decrease, due to the suction, in the r.m.s. intensities 
of figure 2 is exaggerated as a result of the normalization by the friction velocity and 
the friction temperature. The increases, due to suction, in l’ ,  and T, arc q u a 1  to 
about 40% and 30% respectively. 

4. Characteristics of temperature fronts 
Traces of temperature signals obtained with the array of cold wires aligned in 

either the x- or y directions exhibit relatively sudden decreases in temperature which 
are detected by all wires. These decreases are identified in figure 3 (y-array) by 
downward-pointing arrows. Figure 3 also shows increases in temperature (identified 
by upward arrows) which, although generally less abrupt than the decreases in 
temperature, are nevertheless also detected by all wires. Chen & Blackwelder (1978) 
used the term ‘internal temperature front ’ to designate the spatially coherent 
decrease in temperature. They also interpreted this front as an internal shear layer 
since the decrease in temperature is accompanied by concomitant changes in 
velocity; they observed that this shear layer, which was associated with the back 
(upstream part) of the bulges in the turbulent/non-turbulent interface a t  the outer 
edge of the boundary layer, maintains its identity into the fully turbulent region of 
the layer. It may be preferable to avoid using the term ‘front’ since it has been 
established that it usually occurs at the ‘ back ’ of a bulge. Here we describe spatially 
coherent regions characterized by a sudden decrease of temperature as ‘ coolings ’ and 
refer to regions associated with a temperature increase as ‘ heatings * .  Subramanian 
et al. (1982) found that a cooling can be identified with a boundary between a region 
(downstream) where u < 0 and v > 0 and a region where u > 0 and II < 0 (upstream) ; 
for a heating, the velocity fluctuations downstream of the boundary satisfy u > 0, 
v < 0 while those in the upstream region satisfy u < 0 and v > 0. Subramanian et al. 
used the terms sweeps and ejections to describe the (u > 0, v < 0) region and 
(u < 0, v > 0) region respectively. It is however recognized that these terms, first 
introduced by Corino & Brodkey (1969). strictly describe the physical events 
characterized by the motion toward the wall of relatively high-speed fluid (sweep) 
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FIGURE 3. Simultaneous temperature signals from an array of cold wires aligned in the y-direction 
(A+ = 0.055). Coolings and heatings are denoted by downward arrows and upward arrows 
respectively. Time increases from left to  right. 

and the sudden outward motion of a low-speed streak (ejection). The quadrant 
analysis which quantifies these events and was first introduced by Wallace, 
Eckelmann & Brodkey (1972) classifies all sweeps as flow motions characterized by 
u > 0 and v < 0 and all ejections as motions for which u < 0 and u > 0. Since not all 
(u > 0, v < 0) motions are sweeps and not all (u < 0, v > 0) motions are ejections, we 
refrain here from using the terms sweep and ejection in connection with heatings and 
coolings. 

In  previous investigations (e.g. Chen & Blackwelder 1978; Subramanian & 
Antonia 1979 ; Antonia et al. 1983) only coolings were considered. Chen & Blackwelder 
(1978) noted that coolings were important to the flow dynamics since they provided 
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FIGURE 4. Conditional averages of temperature for coolings. Kote that the detection is based on 
O1. (a )  A+ = 0, ( b )  0.055. 

a link between the outer intermittent region and the bursting phenomenon near the 
wall. These authors assumed that heatings (‘warm fronts ’ in their terminology), 
because of their lack of spatial coherence, were associated with the random 
background turbulence. On the basis of the present observations and those of 
Subramanian et al. (1982), there is no a priori reason for suggesting that heatings are 
less important, in the context of the flow dynamics, than hot-cold fronts. Both 
events have therefore been examined here with a view to determining their 
characteristics. Specifically, we determine their average convection speed in the x- 
direction by various methods. We also assess the influence of suction on their average 
shape (in the ( x ,  y)-plane) and their average frequency. 

4.1. Convection velocity in the x-direction 

Perhaps the simplest way of estimating the average convection speed of the coolings 
or heatings is by the transit-time method (e.g. Antonia et al. 1979; Subramanian & 
Antonia 1979): the streamwise separation between any two wires in the array is 
divided by the average time taken for the coolings or heatings to travel between 
these two locations. For this purpose, conditional averages of the temperature signals 
were calculated. 

Conditional averages are denoted by angular brackets and are defined by 

l N  
(0,(7)) = - c 0,(4+7), 

N i-1 
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FIGURE 5.  Dependence of convection velocity of coolings and heatings on the streamwise 
separation Ax between cold wires for A+ = 0. (y' % 28 or y/6 zz 0.015). Vertical bars indicate 
experimental uncertainties. 0, coolings ; A, heatings. 

where n refers to a particular wire in the array (n = 1,2 ,  ..., 8) and ti (i  = 1,2 ,  ..., N 
where N is the total number of detections; typically N M 300) is the detection 
instant. The determination of ti relies on sudden changes (either positive or negative) 
in the amplitude of all temperature signals in the array being detected within a 
specified time interval. Detail of the computer algorithm used for this detection are 
given in the Appendix. 

Conditional averages associated with coolings are shown in figure 4 for A+ = 0 and 
0.055 but for only five values of n. The peak-to-peak amplitude of (0,) tends to 
decrease as the distance from the detecting location increases. This decrease may be 
because, although the detection takes into account all temperature signals in the 
array, conditional averages in figure 4 are calculated using the detection instants 
appropriate to O1. The decrease in the peak-to-peak amplitude of (8,) is slower with 
suction (figure 4b)  than without suction (figure 4 a )  especially when it is realized that 
the fixed wire spacing of the array implies a larger normalized streamwise distance. 
Conditional averages, not shown here, for heatings also exhibited the same relative 
trends as figure 4 (a ,  b ) .  The previous observations tentatively suggest that the 
streamwise coherence is larger in the case of suction. 

The dependence of U,, approximated by U ,  FZ A x / r o  ( A x  is the distance from the 
most upstream reference wire and 70 is the time interval between the occurrence of 
an event a t  any x-location and that a t  the reference location; the value of 70 
corresponding to (0,) is shown in figure 4 ) ,  on the separation Ax is shown in figure 5 
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for y+ = 30 and A+ = 0. As shown in figure 5, the uncertainty in C,. is largest a t  
small Ax, due to the large uncertainties in Ax and 7,,, and tends to become important 
a t  large Ax where the above approximation is inaccurate. However, there is a range 
of Ax for which U ,  is esscntially constant ( f 5 %) and it is this value of U ,  that  has 
been plotted in figure 6. The results in this figure are for coolings and heatings both 
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for A+ = 0 and A+ = 0.055. Distributions of the mean velocity 0’ are also shown in 
this figure together with estimates of the experimental uncertainties. 

As the distance from the wall increases, Ug (figure 6 a )  first increases, reaching a 
maximum a t  y+ z 20 for A+ = 0 or y+ z 30 for A+ = 0.055, then decreases through 
the buffer region and the initial part of the logarithmic region. There is a subsequent 
increase in the outer layer. For heatings, U ,  crosses the mean velocity distribution 
at  y+ x 100 and remains slightly smaller than U throughout the outer layer. For 
coolings, the crossover point is a t  a larger distance from the wall. The maximum value 
of U ,  is significant : for A+ = 0,  it represents about 80% of the free-stream velocity 
while for A+ = 0.055, i t  is almost 90% (figure 6 b ) .  Note that the maxima in U ,  occur 
a t  values of y+ that correspond approximately to maxima in the production of 
turbulent energy and temperature variance. The larger convection velocity for 
coolings than for heatings seems plausible in the sense that the spatial coherence of 
coolings tends to extend to larger values of y than in the case of heatings. Kline 
et al. (1967) reported measurements of the streamwise velocity of filaments of wall- 
introduced dye, which move outwards through the boundary layer. The zero- 
pressure-gradient data indicated that the filament velocity increased between 
y f  z 20 and y+ x 50 and gradually decreased at larger y+. Although the trend of 
these data is similar to that in figure 6, Kline et al.’s filament velocities are 
consistently smaller than the local mean velocity. 

We have included in figure 6 ( a )  the distribution, obtained in an oil duct by Kreplin 
& Eckelmann (1979b), for the convection velocity of a disturbance ‘front’ (defined 
by these authors as a perturbation in velocity that occurs in a space-correlated 
manner). This convection velocity, inferred from conventional space-time cor- 
relations of either u or w, was found to decrease to a limiting value of about 12U, a t  
the wall. Although the data of Kreplin & Eckelmann (19793) are limited, in terms of 
measurement points and the range of y+, they suggest a maximum convection 
velocity of about 85 YO of the duct centreline velocity. Present near-wall estimates of 
U ,  (figure 6 a )  inferred from conventional space-time correlations obtained with the 
x-array data are in good agreement with Kreplin & Eckelmann’s (19796) results. 
Since conventional space-time correlations give equal weighting to the organized 
large-scale motion and to the less organized smaller-scale motion, resulting estimates 
of U ,  can differ from convection velocities that relate directly to certain features of 
the organized motion. In the near-wall region, the convection velocity of coolings 
is consistently larger than the convcction velocity obtained by the conventional 
space-time correlation method. 

U ,  was also estimated by the phase method (e.g. Antonia et al. 1979, 1983). Briefly, 
this procedure consists in determining the phase $, defined by $ = tan-’ (Q/Co), 
where Q and Co are the quadrature spectrum and cospectrum in the cross-spectrum 
G ( f )  between 19, and Bn (2 6 n G 8 ) ,  viz. G( f )  = Co(f) + i&( f ) .  If it is assumed that 
turbulence is convected in a frozen pattern, the phase should be given by 
4 = 21cf(Ax/U,) for small values of the frequency f .  The phase us. frequency plot of 
figure 7 shows a linear relationship at  small frequencies, indicating independence of 
convection velocity of frequency. This relationship is also independent of Ax over the 
range of Ax used to determine the convection velocity of coolings and heatings. For 
the range of frequencies used in figure 7 ,  the spectral coherence Coh( f ) ,  defined as 
Coh( f) = (CoZ+Q2)/E;( f )Fn(  f )  [Fl( f )  and Fn( f )  are the spectral density functions of 

and 8, respectively], is in the range 0.7 to 0.98. The convection velocities inferred 
from the least-square fitst in figure 7 are significnatly larger, both for A+ = 0 and 

t The goodness of fit always exceeded 0.99. 
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F W U ~ E  7 .  Frequency dependence of the phase in the cross-spectrum between 8, and any other 
temperature fluctuation in the s-array of cold wires at y+ z 20. A' = 0: 0, As, = 3.32 mrn; 
A. 4.44; 0 . 5 . 5 6 .  A+ = 0.055: 0, Ax, = 2.44 rnrn; A, 3.32; D, 4.44. Solid lines are least-square fits 
t o  the data .  Broken lines correspond to  the local mean velocity. 

A +  = 0.055, than the local mean velocities. At this particular location (y/S z 0.015 
or y+ z 28), U J U ,  is 0.8 for a cooling and 0.68 for a heating (see figure 6 b ) .  For 
A+ = 0 (y/S M 0.0093 or y+ M 19), U J U 1  is 0.76, while for A+ = 0.055 (y/S = 0.008 or 
y+ = 20), UJU, is 0.70. Since the phase method takes into account, a t  least 
implicitly, both coolings and heatings, the phase convection velocity is intermediate 
between the convection velocity of coolings and that of heatings. 

4.2. Shape of heatings and coolings 
The averagc position of heatings and coolings in the (x, ?/)-plane has been estimated 
using the temperature signals from the y-array and the convection velocity of the 
evcnts. From distributions of (0,) obtained a t  different y-locations, in similar 
fashion to  those shown in figure 4 a t  the same y, the time difference 71 between the 
arrival of an event a t  any y-location and that a t  the reference location (y' z 15) was 
estimated. Note that 71 = 0 is the detection instant a t  the reference location. To 
delineate the average shape of coolings or heatings, 71 was converted to a distance 
Axl, relative to the reference location, by multiplying 71 by Uc. From the resulting 
AyT vs. Ax: distributions (figure 8) where Ayl is measured from the reference y-value, 
it can be inferred that the average inclination, tanp1 (Ay:/AxT), initially increases 
away from the reference location and becomes approximately constant for Ay+ 2 50. 
The increase occurs more rapidly without suction than with suction, especially for 
coolings. For coolings, the constant inclination ( x 40'), for Ay; 50, is essentially 
unaffected by suction. By contrast, the inclination of heatings, which is approximately 
40" without suction, is increased to about 50" for suction. Note that figure 8 shows 
that there is close agreement between results obtained a t  different reference 
locations, reflecting the good internal consistency of the data. 

It is of interest to compare the present results for A+ = 0 with results reported in 
thc literature, also for A +  = 0. In a boundary layer, Chen & Blackwelder (1978) 
reported a value of about 45' for coolings while Head & Bandyopadhyay (1981) 
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AY: 

FIGURE 8. Average shape of coolings and heatings in the (x, y)-plane. Axl and Ay, are measured with 
respect to  a reference location in the x- and y-directions respectively: 0, coolings; A, heatings. 
Open and closed symbols are for A+ = 0 and A' = 0.055 respectively. Reference location : y+ z 15 
(untagged symbols) and y' % 110 (tagged symbols). -, line of 50" slope; --, line of 40" slope. 
Note the shift in origin for the abscissa. 

y' Cooling Heating 

A + = O  16 8.0 15.0 
70 7.6 19.2 

102 6.9 15.7 

A + =  0.055 15 17 .1  40.9 
65 11.3 30.5 
95 8.5 20.3 

TABLE 1. Average period of coolings and heatings. y+ refers to  the location, in the y-array, of the 
wire nearest the wall. 

observed that the inclination of elongated vortex loops (or hairpin vortices) was in 
the range 40-50". In a turbulent channel flow, Moin & Kim (1985) used a data base 
generated by a large-eddy simulation technique and found that, away from the wall, 
the vorticity vector has a maximum inclination of about 45". The previous 
observations suggest a close association between coolings or heatings and the vortex 
loops or hairpin vortices. 

4.3. Average frequency of coolings and heatings 

The average frequency (= T-', where is the mean period) between coolings and 
heatings was determined by counting the number of events from the temperature 
signals in the y-array. lnitially, events were detected by eye but, since this procedure 
was tedious, it was replaced by the computer procedure described in the Appendix. 
Since the aim is to assess the influence of suction on T in a qualitative rather than 
quantitative manner, t,he use of the algorithm, with the selection parameters kept 
the same for A+ = 0 and A+ = 0.055, seemed justifiable. 
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The results are shown in table 1 for three values of y+. A record duration of 
48.4 s was used for A+ = 0 and A+ = 0.055. This duration is larger than the greatest 
and smallest average periods between events by factors of about 230 and 1400 
respectively. Expressed in terms of viscous units, the extent in the y-direction of the 
array was approximately 200 for A+ = 0 and 300 for A+ = 0.055. For A +  = 0, there 
are approximately twice as many coolings as heatings, almost independently of y+. 
Using VITA, Chen & Blackwelder (1978) found approximately four times as many 
coolings as heatings. For A+ = 0.055, there is a significant reduction both for coolings 
and heatings. The increase, due to suction, in T’ is more pronounced for heatings than 
coolings. Table 1 shows that, as yf increases, the effect of suction appears to become 
less important, T approaching the value obtained without suction. This is consistent 
with Fulachier’s (1972) observation that, although suction has an effect on the whole 
boundary layer, as evidenced for example by the suction-caused decrease in the 
boundary-layer thickness, the effect is much more pronounced near the wall than in 
the outer region. 

5. Flow visualization results 
The flow visualizations reported here focus on two aspects of the organized motion 

in the layer: the low-speed streaks in the near-wall region and the interaction 
between the wall region and the outer layer. The manner in which low-speed streaks 
are influenced by wall suction was inferred from plan views of dye introduced a t  the 
wall. Some light was shed on the second aspect by elevation views, or views in the 
(x, y)-plane, of dye introduced a t  the wall. 

5.1. Plan views 

Close-up views of the dye near the slit reveal essentially the same features that have 
been described, using a variety of visualization methods, by others (e.g. Kline & 
Runstadler 1959; Richardson & Beatty 1959; Kline et al. 1967; Smith & Schwartz 
1983; Smith & Metzler 1983). Low-speed streaks, visible as regions of accumulation 
of dye, are formed randomly in space and time although it is evident (this is better 
seen in the photograph of figure 10 than in figure 9) that  small irregularities along the 
slit act as sites for a high accumulation of dye. 

Figure 9 shows that even very small rates of suction (A+ = 0.014) lead to a 
stabilization of the low-speed streaks. There is a significant reduction in the lateral 
oscillation of the streaks for A+ = 0.014 compared with A+ = 0. Smith & Metzler 
(1983) commented, with respect to a boundary layer over an impervious surface, that 
a unique feature of streaks is their remarkable degree of persistence and regularity 
(Kline 1978). This feature is further enhanced when suction is applied, the streaks 
(figure 9) for A+ = 0.014 being longer and more persistent than for A+ = 0. In the 
latter case, the normalized average length L+ is about 430 whereas, for A+ = 0.014, 
we estimate that it is as large as 2300. We also noted that the trend for low-speed 
streaks to merge or amalgamate when A+ is zero (e.g. Nakagawa & Nezu 1981 ; Smith 
& Metzler 1983) is diminished by suction. 

As the suction rate is increased, larger amounts of dye are sucked into the porous 
plate making visualization quite ambiguous. To assess the influence of suction on the 
near-wall flow, plan views were taken of the impervious surface downstream of the 
porous plate (case H2). I n  figure 10, the effect of suction is seen indirectly since the 
boundary condition that pertains to the viewed region has changed. The streaks are 
generally shorter in figure 10(a) for A+ = 0 than in figure 1 0 ( b )  for A+ = 0.047 (the 
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FIGURE 9. Plan view of low-speed streaks for case H1. Flow direction is top to  bottom. 

( a )  A' = 0, ( b )  0.014. 

dye flow rate is the same in both cases). The spanwise spacing between streaks is also 
generally more uniform (as J: increases) in figure 10(b )  than in figure 10(a). Since the 
wall flow should respond almost immediately to the new boundary condition, figure 10 
implies that there is an important memory effect, i.e. the stabilization of the 
upstream flow is felt over a significant distance downstream of the porous surface. 
We also noted, especially from viewing the film for H2, that the stabilization 
improves as the suction rate is increased. 

To estimate A ,  the average spanwise separation between low-speed streaks, the 
latter were counted for case H1 and three values of A+ (0,0.014,0.026). Counting was 
done at  three values of X ,  the first of these being a t  X = 0 or 30 mm from the slit and 
the last a t  X = 100 mm where mean velocity profiles were measured. Ten 
photographs (similar to those in figure 10) were used for each value of A+ and about 
10 streaks were counted on each photograph. The average value of A' as well as its 
extreme values, corresponding to the smallest and largest numbers of counts, are 
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(4 (b)  

FIGURE 10. Plan view of low-speed streaks for case H2. Flow direction is top to bottom. 
(a )  A' = 0, ( b )  0.072. 

shown in figure 1 1 .  The uncertainty is larger for A+ = 0 than with suction since the 
streaks are more coherent in the latter case. For A+ = 0 and at X = 100 mm, A+ is 
about 100, the consensus value obtained in many investigations (e.g. Cantwell 1981). 
Although the present Reynolds number is small, Smith & Metzler (1983) found that 
A+ is approximately 100 over a relatively wide range of Reynolds numbers. For 
A+ > 0, h decreases (e.g. the larger number of streaks in figure 10b than in figure 1Oa) 
but, to within the maximum variation of the data (figure l l ) ,  there is no significant 
change in A+, the decrease in h being offset by the increase in the friction velocity. 
Two reasons may be given for the smaller values of A+ a t  smaller X (figure 1 1 ) .  Near 
the slit, the low-speed streaks lie closer to the wall than a t  larger X (from the speed 
of the dye, we estimated that y+ was less than unity). Nakagawa & Nezu (1981) and 
Smith & Metzler (1983) observed that h increases with y because low-speed streaks 
are more likely to coalesce than to divide or split. The second, less likely, reason may 
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FIGURE 11. Normalized average spanwise spacing of low-speed streaks as a function of distance 
from the dye slot for case H1. 0, A+ = 0, A, 0.014, 0, 0.026. (The measurements were made a t  
the same X., but to avoid confusion, the triangles and squares have been displaced slightly.) 

be associated with the existence of extremely narrow streaks very close to the wall. 
This may have been caused by the clinging property of the rhodorsil, perhaps 
because of its non-Newtonian characteristics. Owing to the small transverse width of 
these streaks (there is some evidence of this in figure 10 for small X), it was possible 
to  ignore most of them during counting. The possibility that systematic over- 
counting occurred at small X cannot however be ruled out. 

5.2. Elevation views 

I n  the absence of suction, photographs and films of the (2 ,  y)-plane indicate that wall- 
introduced dye often assumes the form of bent-over loops. The latter sometimes 
stretch out across the external layer while their extremities generally rotate in the 
same direction as large-scale bulges, suggesting the existence of spanwise vorticity. 
This observation is very similar to tthat of Wallace (1985) who noted, for the case of 
a boundary layer without suction and at a momentum-thickness Reynolds number 
of 750, that  fluid, which is marked with smoke at the wall, can traverse the entire 
boundary layer. For the photographs of figure 12 (Plate l), which are for case H1, the 
upstream boundary layer is coloured with green dye (fluorescein) while white dye is 
injected at the wall through a hole. The green upstream layer exhibits many of the 
features observed by Head & Bandyopadhyay (1981) at a comparable Reynolds 
number. The white loops tend to lift away from the surface, initially at a relatively 
shallow inclination and subsequently at a much larger inclination, often of the order 
of 45'. Figure 12 shows that suction reduces the frequency at which the white dye 
is stretched into the outer layer. This reduction increases as the rate of suction is 
increased, although an unambiguous interpretation of views ( b )  and (c) in figure 12 
is difficult because of the partial removal of the dye through the wall. However, we 
noted, when viewing the film for H2, that  there is a decrease in the number of 
ejections of dye away from the impervious wall as the upstream suction rate is 
increased. We also observed that dye ejections may be as intense with suction as 
without it. 

The plan and elevation views, obtained with two synchronized cameras, of a single 
dye filament (figure 13, Plate 1) for case H2 further underline the stabilizing 
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influence of suction on the near-wall flow. In spite of the imperfectionst in the 
photographs, the latter clearly show a reduction in the amplitude of the spanwise dye 
excursions as well as an increase in the longitudinal coherence of the dye when 
suction is applied. The coherence is emphasized by the relatively strong dye 
concentration for A+ = 0.0047 (figures 13c, d )  compared with A+ = 0 (figures 13a, b )  
where the dye trajectory is more diffuse and three-dimensional. There is also 
evidence in figure 13(c) of a relatively violent ejection away from the wall. 

6. Concluding discussion 
The flow visualizations presented in 95 are fully consistent with the wind-tunnel 

data described in 933 and 4 and other previously published measurements. A 
consistent picture emerges for the effect of suction on the organized motion of the 
boundary layer ; the salient aspects of this picture are discussed below. 

Suction causes an appreciable stabilization of the near-wall flow : in particular, the 
low-speed streaks tend to oscillate less in a spanwise direction while their streamwise 
persistence is increased. This behaviour is supported by the observed reduction in the 
r.m.s. spanwise velocity fluctuation and also the decrease in the r.m.9. longitudinal 
velocity fluctuation. The visualizations by Iritani, Kasagi & Hirata (1985) for the 
flow over a heated impervious surface indicated a close correspondence between low- 
speed streaks and high-temperature streaks as well as between high-speed streaks 
and low-temperature streaks. Since the present visualizations indicate a more 
orderly behaviour of low-speed and high-speed streaks when suction is applied, one 
would expect the close similarity between u and 19, observed without suction, to be 
maintained with suction. This is verified by the present mvasurements of the r.m.8. 
longitudinal velocity and temperature fluctuations. It can be inferred from the 
suction-associated increase in the longitudinal coherence of low-speed and high-speed 
streaks that integral lengthscales of the turbulence should be larger with suction 
than without. This is well supported by published integral-lengthscale measurements 
for both pipe (Elkna 1984) and boundary-layer flows (Fulachier 1972). The 
stabilization of the near-wall flow due t o  suction is not unlike the stabilization 
observed by Kline et al. (1967) in the near-wall region of a turbulent boundary layer 
that  is subjected to a favourable pressure gradient. These authors noted that low- 
speed streaks tended to be longer and more quiescent than with a zero pressure 
gradient. 

Chen & Blackwelder (1978) suggested that coolings provide a dynamical link 
between the inner and outer regions of the boundary layer. The present elevation 
views (figure 12) of the dye ejections confirm possibility of direct communication 
between the wall and the outer region. There are two points of similarity between the 
dye ejections and the coolings. First, the average shape of the dye ejections is similar 
to that  for coolings. Perhaps more significantly, the average frequency of coolings 
and dye ejections decreases as the rate of suction increases. This decrease is 
consistent with the decrease in the average production of turbulent energy and 
temperature variance that have been obtained (e.g. Fulachier 1972) in the case of 
suction. 

The possibility of a close association between coolings or heatings and the vortex 

t The spots that appear in the plan views (figure 13b ,d )  were caused by bubbles in the black 
background paper that was glued to the outside wall of the working srction for the purpose of 
taking the photograph. There is also partial reflection of the dye uitb respect to the wall in the 
elevation views 
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FIGURE 12. Elevation views for case H1 and three values of A'. White dye is introduced at the wall 
through a hole 30 mm upstream of X = 0. Green dye marks the upstream boundary layer. Flow direction 
is from left to right. (a)  A' = 0;  (b) 0.047; (c)  0.072. 

(a) (b) (4 (4 
FIGURE 13. Simultaneous plan and elevation views of a single dye filament for case H2. Flow 

direction is from top to bottom. A' = 0: (a) elevation; (b) plan. A' = 0.072: (c) elevation; (d) plan. 

ANTONIA ET AL. (Facing p.  236) 
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loops or hairpin vortices (Head & Bandyopadhyay 1981) requires some discussion. 
As mentioned earlier, it is difficult to draw a direct connection between the dye that 
is ejected in the (x, y)-plane and the loop vortex. Also, information on the velocity 
field associated with heatings and coolings is required to confirm the connection 
between these temperature events and the vortex loops. It is also of interest to 
investigate the spatial relationship between heatings and coolings ; such an 
investigation is currently being carried out. The fact that the temperature events, 
like the dye loops, appear to have their origin in the wall region reinforces the 
importance that has been attached to the vortex loops by, for example, Head & 
Bandyopadhyay (1981), Wallace (1982) and Smith & Metzler (1983). These last 
authors emphasized the role that the vortex loops play in the near-wall region in 
connection with the persistence of the streaks. They suggested that, as these loops 
move away from the surface, the stretching in the streamwise direction causes the 
legs of the loops (each leg straddles the streak) to appear as counter-rotating 
streamwise vortices which act to reinforce the streak. 

Near the wall, the average frequency of heatings OF coolings is reduced by suction. 
This result is supported by the reduced number of ejections observed in the flow 
visualization and leads to the supposition that suction reduces the probability of the 
breakdown of low-speed streaks. Since this breakdown has been associated with the 
major source of turbulent-energy and scalar-variance production, this would explain 
the measured reduction, due to suction, of Reynolds stresses, temperature variances 
and heat fluxes. 

R. A. A. acknowledges the support of the Australian Research Grants Scheme. We 
are especially grateful to Mr M. Astier for his technical assistance and Mr A. Morand 
for the photography. 

Appendix. Multipoint detection algorithm 
The detection procedure is essentially an extension of VITA (Blackwelder & 

Kaplan 1976) to multipoint data and is similar to a procedure detailed by Bisset, 
Browne & Antonia (1986). 

As noted in the text, coolings and heatings are characterized by sharp changes 
which occur almost simultaneously in all signals of the array. The reference signal, 
supplied by the most upstream wire in the x-array or by the wire closest to the wall 
in the y-array is checked for the following conditions: 

de" 
- < 0 (cooling) 
dt 

> 0 (heating). (A 2 )  

71 is the moving-window integration time, k the threshold, 0' the conventional r.m.s. 
of signal and the tilde denotes a mean over the interval rl. When (A 1) and (A 2)  are 
satisfied, $ and d8/dt are computed over a further interval rD, equal to about half 
the smallest time between successive coolings or heatings. A rough estimate of this 
latter time is made by inspecting the @-traces. The instant, which falls inside the 
interval 71, a t  which 9 is largest and d8/dt has the correct sign is then taken as a 
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provisional detection instant. When two provisional detections are found within a 
time $r,, of each other (this sometimes occurs because of the superimposed small-scale 
disturbances) the one with the smaller value of $ is ignored. Estimates of $ are then 
made for each of the other signals of the array over an interval of time, relative to 
the provisional detection instant, which is large enough to  allow the event to  be 
detected by all the wires in the array. Detection instants that  satisfy (A 1 )  and 
(A 2) are identified for each of these signals. The signals are subsequently time-shifted 
so that all the detection instants are a t  the same time location as the reference 
detection. An average signal B,, is then constructed, viz. S,, = B-'(O, + 8, + . . . + O B ) ,  
where B is the total number of signals, with all the signals centred on the reference 
detection. The time instants a t  which the conditions 

and 

+$I 

$a, '1 (O,,  - 
7 -3, 

dt > k,, H f 2  

- 
< o (cooling) 

dt 
> 0 (heating) (A 4) 

are satisfied are assigned to t i .  Magnitudes of parameters that  appear in (A 1)-(A 4) 
have been optimized by comparing ti with visually determined detection instants. 
The same parameters (k = 1.0, k,, = 0.7, 71U1/S = 0.6) were used for A+ = 0 and 
A+ = 0.055. 
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