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Conditional averages of longitudinal, normal velocity and temperature fluctuations 
and of their products have been obtained in a slightly heated boundary layer with 
zero pressure gradient over a momentum-thickness Reynolds-number range 990 4 R m  
< 7100. These averages are based on the identification of coherent temperature 

fronts that extend across most of the layer. The average period between fronts is 
approximately independent of R m  when Rm is greater than about 1500. The stream- 
wise length scale of the fronts and the magnitude of velocity and temperature deriva- 
tives associated with the fronts scale on the thickness of the layer except for R, less 
than about 3000. This scaling is consistent with the Reynolds-number independence, 
for R m  greater than about 3000, of both mean and turbulent velocity and temperature 
fields. Conditional averages are discussed in the context of Head & Bandyopadhyay’s 
( 1978) suggestion, based on smoke-flow visualization, that the boundary layer consists 
almost exclusively of hairpin eddies. 

1. Introduction 
The influence of Reynolds number on the mean-velocity field of a turbulent boun- 

dary layer is sufficiently documented in the literature. Coles (1962) noted that the 
‘ wake ’ component in the outer part of the boundary layer is approximately inde- 
pendent of the Reynolds number when Rm exceeds about 6000.t The possibility that 
the low-Reynolds-number effects may be due to the Reynolds-number dependence of 
the log-law constants rather than a breakdown of outer-layer similarity has been 
dismissed by Huffman & Bradshaw (1972), and is not supported by the measurements 
of Murlis (1975), Purtell(1978), Purtell, Klebanoff & Buckley (1981) and Subramanian 
& Antonia (1981). These measurements, at least to within the experimental uncer- 
tainty, confirm that the log-law constants are universal for values of R m  as small as 
500. Huffman & Bradshaw (1972) have suggested that the R m  dependence of the 
‘wake’ component may be attributed to the increased importance of the viscous 
superlayer with decreasing Rm. Photographs and films of a smoke-filled boundary 
layer (Falco 1974; Head & Bandyopadhyay 1978,1979,1981) show that the turbulent/ 
non-turbulent interface of the layer becomes more convoluted and extends down to 
the wall as R m  decreases, and therefore seem to reinforce the suggestion that viscous 
effects in the outer layer may reflect the influence of the superlayer. 

t Although R, is the more usual symbol for the momentum-thickness Reynolds number, the 
subscript m is used here since 0 denotes the temperature fluctuation. 
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Purtell's (1978) outer-layer distributions of the r.m.s. longitudinal velocity show a 
fair degree of similarity in the range 465 c Rm c 5100 when scaled with outer-layer 
variables. In  the outer layer (y/S 2 0.2, where S is the boundary-layer thickness) 6 
may be regarded as a characteristic length scale, while either the free-stream velocity 
Ul or friction velocity U, may be considered as an appropriate characteristic velocity. 
There is mixed evidence for the effect of Rm 6n turbulence structure parameters. 
Murlis, Tsai & Bradshaw (1980) noted that the ratio G/G (u and v are velocity fluctua- 
tions in the x- and y-directions) changes quite rapidly for Em < 2000, but third-order 
moments, derived from u and v, are not significantly affected by Rm when normalized 
by the Reynolds shear stress. 

The effect of Rm on the turbulence structure, as inferred from the smoke-flow 
vkualization of Falco (1974) and Head & Bandyopadhyay (1978, 1981) is more 
spectacular than that inferred from the previously mentioned hot-wire measurements. 
Falco (1974) recognized a family of events, described as typical eddies, over a relatively 
large range of Rm. A t  Rm = 600, the length scale of these eddies was of order S and the 
eddies were identified with the large eddies. At Rm 21 6000 Falco found that the typical 
eddy scales were an order of magnitude smaller than S and noted the appearance of 
concentration gradients extending across most of the layer. He also suggested that 
entrainment of non-turbulent fluid would occur on typical eddy rather than on outer- 
layer length scales. By combining hot-wire measurements with flow visualization, 
Falco (1977) obtained signatures of u, v and the product uv associated with the typical 
eddy. From the uv-signature a t  Rm N 1200 he inferred that typical eddies made a 
significant contribution to the Reynolds shear stress. Since the typical eddy scaled on 
wall variables in the range 900 5 Rm 5 20000, Falco's results seem to imply that part 
of the motion that contributes significantly to the shear stress depends significantly 
on Reynolds number. This implication would appear to be in conflict with the previous 
measurements of the mean velocity and turbulent quantities, at  least when Rm is 
greater than about 5000. The flow-visualization experiments of Head & Bandyopa- 
dhyay (1978, 1979,1981) indicate, perhaps not surprisingly, that there is little distinc- 
tion for Rm 5 500 between large- and small-scale motions, the large eddies consisting 
of hairpint vortices appearing either individually or in relatively small groups. At 
higher R ,  the large structure is made up of random agglomerations of hairpin vortices. 
Occasionally, a regular sequence of hairpin vortices is formed (see also Bandyopadhyay 
1980) so that their tips, perhaps identifiable with the typical eddies, lie on a line which 
makes a smaller angle to the surface than the 45" angle characteristic of the hairpin 
eddies. 

In the present paper, the influence of Reynolds number on the turbulence structure 
is examined by considering the effect of Rm on conditional averages of u, v, the tem- 
perature fluctuation 8, and of their products. These averages are associated with the 
temperature fronts (Chen & Blackwelder 1978 - their terminology is retained here) 
which extend across the entire logarithmic region of the layer and are always identified 
with the backs of bulges in the intermittent region of the layer. The conditional tech- 
nique is briefly described in $3. Results obtained with the technique are presented 
in 554 and 5 and discussed in the context of the information already obtained for 

t These authors distinguished between vortex loops at very low R,, horseshoes at low- 
moderate Rm and elongated hairpin eddies or vortex pairs at high Rm. This distinction is not 
made in the present paper. 
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u, 
(m a-l) 

2-1 
4- 1 
8-4 

12.6 
16-7 
18-8 

u, 
Rm 8(cm) &,(ern) 8, (cm) (ms-1) T, ("C) 

990 5.4 5.4 0.68 0.10 0-83 
1500 4.5 4.6 0.53 0.18 0.90 
3100 4.7 4.4 0.54 0.33 0.85 
4750 4.5 4.7 0.54 0.46 0.73 
6500 4.7 4.8 0.57 0.62 0.66 
7100 4.8 4.8 0.55 0.69 0-65 

6, 
present 

0-0045 
0.0039 
0.0031 
0.0027 
0.0028 
0.0027 

61 
Colea 
(1962) f, ( m z )  
0.0045 2 
0.0040 4 
0.0033 8 
0.003 12.8 
0.0029 16 
0.0028 19.2 

TABLE 1. Summary of experimental conditions 

hairpin eddies (Head & Bandyopadhyay 1978,1979,1981) and typical eddies? (Falco 
1974, 1977). 

2. Experimental information 
A detailed description of the experimental arrangement, instrumentation and 

calibration procedures is given by Subramanian & Antonia (1981) and Subramanian 
(1981). The boundary layer developed with nominally zero pressure gradient over the 
smooth working section floor of the wind tunnel. The first 3 m of the floor were heated 
to provide a wall-heat-flux distribution that remained constant with x, the distance 
from the entrance to the working section. The boundary layer was tripped with a 3 mm 
diameter wire at x = 40 mm. The trip location was such that the virtual origins of the 
momentum and thermal layers were approximately coincident at all values of R ,  
used for the investigation. 

Simultaneous measurements of u, v,  8 were made, at several values of y/S with an 
X-wire and a cold wire located 1.2 mm upstream of the X-wire centre and perpen- 
dicular to the X-wire plane. The X-wire/cold-wire arrangement was calibrated in the 
heated core of a plane jet. The hot wires (Pt-10 yo Rh, 6 pm diameter) were operated 
at an overheat ratio of 1-8 with DISA 55M10 constant-temperature anemometers and 
linearized with DISA 55M25 units. The cold wire (Pt-10 yo Rh, 0.6 pm diameter) was 
operated with a constant-current (0.1 mA) anemometer. Simultaneous records of 
temperature fluctuations at 11 positions across the layer were obtained with a rake of 
11 cold wires (0.6 pm diameter) covering a relatively large range (nominally 0.01 
< y / 6  < 0.9) of the layer. Signals from the X-wire/cold wire and the rake were digitized 
a t  a sampling frequency f, which varied (table 1) between 2 kHz ( R m  = 990) and 
19.2 kHz (Rm = 7100). The record duration was about 64 s a t  R, = 990 and 13 s at 
R m  = 7100. To correct for the longitudinal separation between the X-wire and the 
cold wire, a time delay equal to two sampling intervals (1 sampling interval = f;') 
was applied to the digital &records, 

All measurements were made a t  a distance x = 2-24 m for six values of Ul or 
Reynolds number R,. A summary of experimental conditions is given in table 1. 
Included in this table are values of ST, the thermal layer thickness, the momentum 

t Head & Bandyopadfiyay (1979) noted that the typical eddy features are precisely those 
one would expect to observe with a longitudinal light plane intersecting vortex loops or hairpin 
eddies close to the plane of symmetry. 

5-2 
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thickness 8 2  (Rm = U1~2/v), the friction velocity V, (= 7$, 7w is the kinematic wall 
shear stress) and the friction temperature T, (= Qw/U,, Q w  is the thermometric wail 
heat flux). The experimental skin friction cI (= values, also shown in the 
table, are in good agreement with those of Coles (1962) for all values of R,. 

Mean and r.m.8. velocity and temperature profiles were measured for all values of 
Rm, andare presentedin Subramanian & Antonia (1981). The constants in the mean- 
velocity and temperature log laws were found to be independent of Rm. In  the outer 
layer the maximum departures from these log laws increased as R ,  increased between 
900 and 4000. For R ,  2 4000 these departures, which have been interpreted as 
measures for the strength of the ‘ wake’ components, are approximately constant. 
Scaling of r.m.s. velocity and temperature distributions on inner-layer variables (U, 
and v/v+ are the characteristic velocity and length scale respectively) was reasonable 
and independent of Rm only for y+ 5 15. In the outer layer, scaling of these distribu- 
tions on outer layer variables was satisfactory for Rm 2 3000. 

3. Conditional technique 
Subramanian et al. (1981) made a detailed comparison between several conditional 

techniques used to detect temperature fronts on the basis of information at one point 
in the flow and the identification of the fronts by visual inspection of the rake signals. 
Relatively poor agreement, in terms of correspondence of fronts,was found between 
the visual inspection approach (called RAKE by Subramanian el al.) and the one-point 
conditional techniques. This result was somewhat similar to that of Offen & Kline 
(1973), who found that none of the one-point detection schemes they investigated 
correlated well with the flow-visualization indication of ‘bursts ’. For the present 
investigation, which is more concerned with qualitative than quantitative effects of 
Rm on the boundary-layer structure, the VITA (variable-interval time-averaging) 
technique was used to obtain conditional averages of u, v, 8 and their products. Of 
the conditional techniques considered by Subramanian el al. (1981), VITA and the 
conditional technique used by Rajagopalan & Antonia (1981) were found to correlate 
best with the visual identification of fronts from the rake signals. The implementation 
of the visual identification was cumbersome in view of the relatively large number of 
fronts (typically 400) required for satisfactory convergence of the conditional averages. 
It should be noted however that Subramanian et al. (1981) found that VITA and other 
one-point techniques led to averages in qualitative agreement with those obtained 
with the visual identification. Preliminary results obtained (Antonia et al. 1980) using 
RAKE for a relatively small number of fronts and three values of Rm are in good agree- 
ment with the VITA results presented in $4. 

In VITA the identification of the front occurs whenever the two conditions 6 c 0 
and @ - @ > k8’2 are satisfied. The prime denotes an r.m.s. quantity, the dot denotes 
differentiation with respect to time, and the tilde denotes averaging over a time 
interval r ,  such that 

The particular values of the parameters k and 7 used here (k = 0.6 and 7u1/8 21 0.09) 
were selected when the X-wire/cold-wire arrangement was at one particular value of 
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FIQURE l(o). For caption see p. 130. 

y/S ( 2: 0.3) and for R m  = 3100. The selection was made to provide agreement, at this 
particular Reynolds number, between the number of fronts obtained with VITA and 
that obtained with RAKE. These values of k and T were unchanged for all values of y/t3 
and R m .  Conditional averages, presented in $4, are ensemble averages (the number of 
fronts in the ensemble is 400), denoted by angular brackets, with t = 0 arbitrarily 
identified with the time at which the fronts are aligned. 

4. Conditional averages associated with front 
Conditional averages of u, v, 8 are shown in figure I for y/S II 0.3-0.9, at all values 

of R m .  Velocity and temperature have been normalized by U. and T, respectively. 
These scales are considered here as adequate characteristic scales for the outer layer. 
Time t has been multiplied by Ul/6 (t* = tUl/t3), a normalization also used by Chen & 
Blackwelder (1978). Some justification for this normalization is provided by measure- 
ments (Subramanian & Antonia 1979) of the convection velocity U, of the front. These 
measurements, over the range 0.1 < y/S < 1.1,  showed no dependence on R m .  They 
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FIGURE l ( b ) .  For caption see p. 130. 

also indicated that the local mean velocity U was a reasonable approximation to q,t 
although, over the range 0.7 < y/S Q 1.0, the free-stream velocity U, was as close an 
approximation to U, as U .  U, has been used here to form a length scale tUl, but the 
use of U instead of U, does not affect the results in this section. 

Figure 1 indicates that the sudden decrease in temperature near t* = 0 is accom- 
panied by relatively large changes in (u) and (v). The conditional average (v) is in 
phase with (8), while (u) and (8) (or (w)) are essentially out of phase. As ylbincreases 
(v) and (0)  become more positively skewed while (u) becomes more negatively 
skewed. At y/S = 0.8 and 0-9, (0) assumes, almost immediately following the sudden 
decrease at t* = 0 ,  a constant value corresponding to the ambient temperature of the 
free stream. The main feature of figure 1 is the reasonable collapse, for t* < 0, of 
conditional averages for Rm > 3100.l The departure of signatures at R m  = 990 is 
marked at all values of y/b, except perhaps for (v) and y/S = 0.3. At y/S = 0.9, 
averages a t  both R m  = 990 and 1500 differ perceptibly from those at higher Reynolds 
numbers. The averages at R& = 990 and 1500 are larger in amplitude and cross the 
negative t* axis at larger values oft* than those at  higher Rm. 

t PhongAnant et al. (1980) found that the local wind velocity was a good approximation to 
U ,  in the atmospheric surface layer. 

$ The use of r.m.8. values of u ,  v and 8 instead of U ,  and T, does not affect this collapse. 
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FIGURE l(c). For caption see p. 130. 

Conditional averages (figure 2) of products uw, ue, we, at y / 8  = 0.9 show that the 
difference between distributions at R ,  = 990 or 1500 and higher R ,  is quite marked 
and that the magnitude of averages at R ,  = 990 is larger than at 1500. The collapse 
of averages a t  the higher Rm is not as good (this is particularly evident for (u8)) as 
that observed for individual signatures (figure l) ,  apparently reflecting the greater 
sensitivity of products to the criteria used in the conditional technique. In figure 2 
the maximum values of { - uw) and (we) a t  Rm = 990 represent roughly 60 yo of the 
wall shear stress and wall heat flux respectively. The maximum value of (u8) is twice 
the wall heat flux. It should be noted that conditional averages of products obtained 
within or immediately outside the inner layer indicate practically no Rn, dependence. 

The observed existence of the front across almost the entire boundary layer 
prompted Chen & Blackwelder (1978) to suggest that the front may provide the 
dynamical link between the outer-layer bulges and the bursting phenomenon near the 
wall. While most of the results in this section pertain to the outer layer, it seems 
pertinent to compare conditional averages obtained in the outer layer with those near 
the wall. The smallest value of y+ that could be achieved with the present X-wire/ 
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FIGURE 1. Conditional averages of u, v, 8 in the outer layer. -, Rm = 990; - - - - -, 1500; . * * * *, 3100; - - -, 4750; - - -, 6500; - - -, 7100. (a) y/6 = 0.3; ( b )  0.7; (c) 0.8; ( d )  0.9. 

cold-wire arrangement was approximately 15 for R, = 990. Conditional averages at 
y+ = 15, 37, 75 are shown in figures 3 and 4. The most interesting feature is the rela- 
tively sudden change in the behaviour of the products as y+ increases from 15 to 37: 
the large peak (y+ = 15) at t* 21 + 0.1 decreases considerably, while a smaller increase 
is observed in the magnitude of the peak (at least in the case of (uv) and (vB)) at 
t* 21 - 0.2. It is possible that the maxima of the conditional products, on either side 
oft* = 0, reflect the importance of ejection ((u) is negative, (v) and (0 )  are positive) 
and sweep events ( (u)  is positive, (v) and ( 0 )  are negative) identified by previous 
investigators (e.g. Wallace, Eckelmann & Brodkey 1972; Willmarth & Lu 1972) with 
the second (u < 0, v > 0) and fourth quadrants respectively of the (u,v)-plane. The 
large values of (uv), (v0) and, in particular, ( -uB) would suggest that the sweep 
becomes dominant as the wall is approached. This suggestion is consistent with both 
flow-visualization results and measured conventional and conditional statistics of 
velocity and temperature fluctuations near the wall. While the results of figure 4 are 
in qualitative agreement with the fully developed duct flow (with a thick viscous 



Reynolds-number dependence of boundary-layer structure 
2.0 1 I I I I 

0 

1 .o 

0 

131 

-1.0.1 I 1 I 1 
-0.50 -0.25 0 0.25 0.50 

t* 
FIGURE 2. Conditional averages of products uv, u0 and a0 at y l b  = 0.9. Symbols 

are as in figure 1. 

sublayer) measurements of Wallace, Brodkey & Eckelmann (1977), the latter results 
(Rm is estimated to be about 500) suggest that the sweep dominates at distances closer 
to the wall than implied by figure 4. The normalized and ensemble-averaged (uv) 
patterns of Wallace et al. (1972) indicated that the sweep was practically the only event 
occurring a t  y+ 2: 3. At y+ N 10, a double contribution was noticeable and, at y+ N 15, 
the contribution due to the ejection was larger than that due to the sweep. The results 
of figure 3 tend to underline the importance of the ejection event in the outer part of 
the layer, especially at the smaller Rm. It should perhaps be noted here that the term 
‘ejection’ is used in the same sense as by Lu & Willmarth (1973), and does not neces- 
sarily imply a direct connection with the physically observed ejection, away from the 
wall, of low-momentum fluid. 

An interesting feature of figure 3 is the approximate coincidence of zero crossings 
for (u), (v), (0)  a t  y+ of 37 and 75. This approximate coincidence is observed at larger 
values of y/6 and supports the association, suggested by Chen & Blackwelder (1978), 
between the temperature front and the internal ‘shear layer’. These authors noted, 
however, that as the wall is approached (y /6  ;5 0.1) the zero crossings of (u) and (v) 
occurred earlier than the zero crossing of (6).  This phase shift could not be explained, 
but it was speculated that the shift could perhaps be attributed to an aspect of the 
eddy structure, such as the streamwise vortices, that was not measurable with their 
probes. While the present results at y+ = 15 indicate that (u) and (v) cross zero in 
advance of (O) ,  the shift corresponds to approximately 0.04 (on the t* scale), which is 
smaller than the VITA filtering time of 0.09 ( E  7*) .  As one sampling time interval 
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FIGURE 3. Conditional averages of u, v ,  8 in the inner layer at Rm = 990. -, y/8 = 0.04, 
y+ = 15; - - , 0.1, 37; - - - , 0.2, 76. 

corresponds to approximately 0.02 on the t* scale at R ,  = 990, the difference in zero 
crossings cannot be considered as significant. Nevertheless, the possibility of a shift 
for y+ < 15 cannot be ruled out entirely. 

5. %her characteristics of front 
The mean period T (T* = FUJS) between fronts is plotted in figure 5 as a function 

of R ,  for several values of y/S. In the outer layer, T* is approximately constant for 
Rm 2 1500. At y/S = 0.04, p* increases rapidly when Rm decreases below 3000, and 
is about 44 a t  Rm = 990, This Reynolds-number behaviour is consistent (Antonia et al. 
1980) with the results obtained by counting the fronts that are visually detected 
(RAKE) in the rake-temperature signals. The slight increase in p* with y/S is a con- 
sequence of fixing the values of k and r in VITA. At any particular Rm, one value only 
of F* is inferred from RAKE since, by definition, the front is counted only when i t  is 
detected over a relatively large range of y/S. The RAKE value of p* N 2-5 is in reason- 
able agreement with the value of about 2.6 inferred from the front-crossing frequency, 
also obtained with VITA, by Chen & Blackwelder (1978) at Rm = 2800. Lu & Willmarth 

- -  
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FIGURE 4. Conditional averages of products uw, u0, v0 in the inner layer at 
R, = 990. Symbols are aa in figure 3. 

FIQURE 5. Reynolds-number variation of mean period between fronts. GI ,  y/S = 0.04; 0 ,  0.3; 
v, 0-7. At Rm = 990, P* = 7.6 at y/S = 0.7 and 43.8 at y/S = 0-04. 
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(1973), by dividing the (u, v)-plane into five regions (the central region was called the 
hole, with a size determined by the curves Iuw1 = constant), found that the mean 
period of ejections was given by F z  = 5 when the hole size H ( = IuvuJ/u’v’) was set 
equal to 4.5. A value of H of about 1-9 would yield a value of Fz N 2.5. Verification 
for this value of H was provided by Subramanian et al. (1981), who found approximate 
agreement between the hole-crossing frequency and the frequency of visually recog- 
nized fronts in the rake signals. 

A measure of the streamwise length scale of the front can be obtained from the 
difference At between locations of the negative and positive peaks, on either side of 
t = 0, of conditionally averaged temperatures or velocities. If the product U,At is 
identified with the streamwise length L, of the front, the ratio L,/S (figure 6), deter- 
mined from the (0) distributions, is approximately independent of R m  (the independ- 
ence of Lx/S on y/6 has been established for values of y/6 extending to 0.9), and equal 
to about 0.1, when R m  is greater than about 3000. Chen & Blackwelder (1978) also 
obtained Lx/6 = 0.1 a t  R m  = 2800. It is of interest to note that, as a proportion of the 
Kolmogorov microscale 7, L, increases from about 157 at R m  = 990 to 377 at 

Falco (1974) found that, for 900 < R m  < 20000, the length scale C,  of the typical 
R m  = 7100. 

FIGURE 6. Streamwise length scale of temperature front. 0, L,/& 0. L,u, f v ;  - - -, a,/&, 
streamwise length scales of typical eddies (Falco 1974). Extent of arrows indicates the maximum 
variat,ion over the range 0.1 < y/S < 0.8. 



2.0 

1.0 

0.8 

0.6 

0 4  

0.2 

- 

- 
- 

- 
- 
- 

F 

A 

0 

J 

A 

- 

0 

0 

A 

0 

0 

136 

eddy decreased continuously, as a proportion of 8, with increttsing Rm according to 
C , / ~ N  168Rgo'*5 (shown in figure 6 ) .  Falco's suggestion that C, scaled with the 
Taylor microscale h cannot be reconciled with the experimental variation of A18 with 
Rm or R, ( = U,S/v). With the assumption that production and dissipation of turbulent 
energy are approximately in balance (the energy budgets measured by Murlis (1975),  
who obtained the dissipation by difference, support this assumption over a range of 
Rm), it  is easy to show that, in the outer layer, h/8 should vary as R;;1°.5 and not as 
R;;1°.85. Falco's (1977) result that C, U7/v is constant cannot, in any case, be reconciled 
with the result (Felco 1974) that C,/h is constant, since hU,/v varies as (U,/U,) R),  
and is therefore Reynolds-number-dependent. The result that C, U,/v is constant 
contrasts with the relatively rapid increase with Reynolds number (figure 6 )  of the 
ratio L, U,/v. 

Murlis et al. (1980) found that the most probable turbulent bulge length B,, derived 
from temperature intermittency statistics, is approximately independent of y ,  but 
decreases strongly as Rm increases. The ratio B, U,/v remained approximately constant 
( N 120), independent of Rm (the data extended to Rm 2: 5000). It was suggested that 
this constancy supported the constancy of C,  U71v, the typical eddies being identified 
with the small-scale undulations of the viscous superlayer. The measurements of 
Murlis et al. and those of Andreopoulos (1978)  at R ,  N 22 000 suggest that the average 
length and average frequency of turbulent bulges is consistent, when 8 and U, are used 
as normalizing scales, with the established Reynolds-number independence of most 
outer-layer statistics for Rm 2 5000 (note that the variation in the range 3000 5 Rm 
5 5000 is only small). The implied constancy of C,U,/v (and the implication that 
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B,U,/v is constant for R m  > 5000) would be reconcilable with the Reynolds-number 
independence of conventional averages only if the viscosity-dependent typical eddies 
make a negligible contribution to the Reynolds stresses for Rm > 5000. This last 
condition would need to be reconciled with Falco’s (1974) claim that entrainment at 
large Rm continues to take place on typical eddy scales. 

Maximum values of temperature and velocity gradients associated with the front 
were obtained (figure 7) at y/S = 0.7 and all values of Rm. These maximum values are 
approximately constant over a small region centred at or near t* = 0. Since quantita- 
tive agreement between ensemble averages obtained using different conditional tech- 
niques is poor (Subramanian et al. 1981), the precise magnitude of these maximum 
values is not important here. It has also been established that, even when one particular 
technique is used, the magnitude of the averages may depend on the particular signal 
used in the detection criterion. For example when VITA is used an enhancement of the 
magnitude of (u) would result if 0 were replaced by u in the detection criterion. Such 
enhancement might change the magnitude of all derivatives in figure 7, but should 
not affect the Reynolds-number variation indicated in the figure. The magnitudes of 
the derivatives in figure 7 become approximately constant for R ,  2 3000, a result 
which is consistent with the indicated constancy in figure 6 of L,/8 when Rm 2 3000. 
It is interesting to note that the magnitude of the derivatives of (u)  and (w) across the 
front is of order UJ8. Head & Bandyopadhyay (1979, 1981) suggested that the 
inclination of the hairpin vortices might coincide with the direction of the principal 
rate-of-strain axes of the flow. This suggestion would seem to be consistent with the 
suggestion by Townsend (1956) that the eddies that are effective in extracting energy 
from the mean flow are those that are approximately aligned with the principal axis 
of the mean rate of strain. The magnitude of the principal rate of strain is t(aU/ay) 
and is of order UJS across the boundary layer. For R, 2: 7000, we estimate that the 
principal rate of strain decreases continuously from about unity at y/8 N 0.05 to zero 
at the edge of the layer. It seems thereroore that the velocity derivative across the front, 
which is approximately constant across the layer, assumes the magnitude of the 
maximum rate of strain in the near-wall region of the layer. 

6. Comparison with typical eddies 
Falco ( 1977) inferred that the Reynolds-number-dependent typical eddies produaed 

most of the Reynolds stress in the outer half of the layer at  Rm 2: 1200 and that they 
are formed on the upstream side of the large-scale motions at all Reynolds numbers 
investigated. Chen & Blackwelder (1978) noted that, in the outer intermittent region, 
the temperature front was always associated with the upstream side or back of the 
turbulent bulges. It is not clear whether these bulges are immediately identifiable 
with the large-scale motions which Falco associated with ‘the existence of smoke-free 
regions or concentration gradients which extend deep into the layer on both the 
upstream and downstream side of the bulges’. These motions have an average length 
of 1-66, while the average bulge length, as inferred for example by Kovasznay, Kibens 
& Blackwelder (1970) and Antonia (1972) from measured intermittency factor and 
intermittency frequency distributions, decreases from about 1.78 at y/8 2: 0.6 to 
0.26 at y/S N 1.0. In his model of the outer region, Falco (1977) shows large-scale 
motions with an average streamwise spacing of about 2-58. The agreement between 
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FIGURE 8. Comparison of conditional averages of u, w, uw with typical eddy averages. -, 
R ,  = 990, y/6 = 0.9; 0,  Falco (1977), Rm = 1200, y/6 = 0.87. 

this spacing and that of the fronts would suggest that the assaciation of the fronts 
with the upstream interfaces of the large-scale motions is not unreasonable. It there- 
fore seems reasonable to oompare conditional averages associated with fronts with 
those associated with typical eddies. Falco conditionally sampled signals from an 
X-wire with respect to the passage of a typical eddy and presented ensemble-averaged 
distributions at y/S = 0.87 ( R m  N 1200) of ( u ) ,  (u) and (uv )  as functions of time 
normalized by the average duration of a typical eddy. These averages were compared 
with ensemble averages obtained by Antonia (1972) at y/S = 0.95. Since all turbulent 
bulges were included for these latter ensemble averages, it  is not surprising that the 
peak values of (u)/U,, (v)/U, and - (uv>/U: obtained by Falco were larger (by about 
75% in the case of -(uv)/U:) than those of Antonia (1972). It would seem more 
meaningful to compare Falco's typical eddy signatures with those associated with the 
temperature front. Such a comparison is presented in figure 8. The present distribu- 
tions were obtained at y/S N 0.9 for R m  = 990. To display Falco's averages in figure 8, 
it  was assumed that t* = 0 coincides with the back of a typical eddy and that 
the relevant length scale of this eddy was equal to 0.416,t a result obtained using 
C,/S 2: 168R&oE4' for R, = 1200. 

t Using C ,  U, /v  N 200. C,/6 was estimated to be about 0.38 at R ,  N 1200. 
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The VITA signatares (figure 8) are comparable in extent to the typical eddy 
signatures. The maximum value of -(uv)/U: for VITA is about twice that for the 
typical eddy. Falco inferred, from the typical eddy (uv) signature, that the typical 
eddy contributed most of the Reynolds shear stress a t  Rm 2: 1200. The magnitude of 
this contribution was not estimated, presumably since the typical eddy frequency 
does not appear to have been estimated. A crude estimate of the contribution to the 
Reynolds shear stress of the structure characterized by the front can be obtained by 
integrating the present (uv) signature over a period corresponding to the mean interval 
F between fronts. Since (uv) is approximately zero at t* = 0 and at t* = - 1, the 
contribution to UV is assumed to be given by 

and is about 0.5. If the present values of p* (‘v 6) and -.V/Uj ( N 0.14) are assumed 
to apply to Falco’s conditions, the contribution of the typical eddy to - UV is estimated 
to be about 0.2. The contribution of the typical eddy to -uV a t  larger Reynolds num- 
bers is not easy to estimate. According to Falco (1974), Cx/6 is about 0.1 at Rm N 6000 
and 0.06 at Rm N 10000. An optimistic estimate of the contribution to -uV can be 
obtained by integrating (uv) over the time interval corresponding to the passage time 
of the front (recall that Lx/S 2: 0.1 for Rm > 3000). The resulting contribution is less 
than 0.05 at  Rm = 7100 (at Rm = 990, the contribution is about O a l ) ,  implying a 
negligible contribution of the viscosity-dependent typical eddy to the Reynolds shear 
stress a t  large Reynolds numbers. 

7. Concluding remarks 
The conditional averages presented in $ 4  and the characteristic length scale and 

velocity and temperature derivatives ($ 5 )  associated with the fronts seem to be fully 
consistent with the Reynolds-number independence, previously established in the 
literature, of conventional averages when Rm exceeds about 3000. At lower Reynolds 
numbers, the larger length scales are emphasized, as can be inferred from the increase 
(figure 6) of the length scale of the front and the increase in the duration of the velocity 
and temperature signatures in figure 1. For Rm < 3000, L, does not scale on S. 

The contribution to the Reynolds shear stress, at R ,  = 990, of the structure 
associated with the front is significant. It also seems likely that the contribution from 
the typical eddy at  a Reynolds number comparable to the Reynolds shear stress 
cannot be ignored. The association between the structure characterized by the front 
and the typical eddy seems plausible at  small Reynolds numbers. 

Head & Bandyopadhyay (1981) have already remarked that the results of Chen & 
Blackwelder (1978) are in every way compatible with the smoke-flow visualization 
results. They also suggested that the interpretation of Chen & Blackwelder’s results 
in terms of fronts was not necessarily warranted since the detailed similarities between 
the simultaneous temperature (or velocity) traces a t  different levels in the boundary 
layer are due to long narrow features extending through the boundary layer. The 
suggestion is not substantiated by the present results or those of Chen & Blackwelder, 
which tend to support the possibility that the front relates the outer large-scale motion 
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to the organized motion near the wall. A t  small Reynolds numbers, hairpin eddies have 
been identified with the large eddies, and the association between the structure charac- 
terized by the front and the hairpin eddy seems plausible. At higher Reynolds numbers, 
signatures associated with the front have a streamwise extent which scales on 8 
whereas cross-stream dimensions of hairpin eddies scale approximately with v / K ,  in 
agreement with typical eddy scaling. A direct association between the structure 
characterized by the front and the hairpin and tyEical eddies seems tenuous when 
R ,  is greater than about 1500. 
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