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FIQURE 16. ( a )  Longitudinal lengthscale of temperature fluctuations on the plume centreline (0). 
The lines are : ---, 4 Lkw) ; -, Q, ( b )  Schematic showing the relationship between the lengthscale 
of temperature fluctuations and the turbulence lengthscale for a meandering plume. 

which also showed no trend over this range of distances and gave an average timescale 
of 1.3 ms corresponding to  L p ) / M  = 0.22. Figure 16(a) also compares Lp) with the 
lengthscale of the velocity fluctuations, L&@ (iL2)  is plotted as a dashed line) and 
the half width of the mean plume gm, which is shown as the full line. Near the source, 
L f )  = ?jLLw). This is consistent with the physical picture of a sinuous plume of mean 
wavelength L g )  being advected past the measurement point with velocity U .  For a 
point on the mean plume centreline such a model gives Lp)  = !jLF), since on each 
‘wave’ the measurement point traverses the plume twice (see figure 16b). Far 
downstream, Lg) appears to be more closely related to gm as would be expected for 
a plume developing in a self-similar way. 

4.4 Vortex shedding at Re, - 200 

A few experiments were conducted with a thicker wire (d ,  = 0.711 mm; Re, w 200 
for air at 30 “C) in order to assess the influence of vortex shedding on the temperature 
field. Figure 17 shows temperature spectra on the centreline downstream of the wire. 
Peaks at the vortex-shedding frequency, 0.2 U / d ,  and at its first harmonic have 
significant amplitudes close to  the source wire (x , /M = 7.9 x lop2), but are much 
weaker a t  x, /M = 0.79. 

Figure 18 shows 6 and F as functions of 2,. The data have been normalized by 
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FIGURE 18. The effect of vortex shedding on (a) the mean temperature, and (b) the variance of 
temperature fluctuations on the plume centreline. Experiments: , without vortex shedding 
(d, = 0.152 mm); 0, with vortex shedding (d, = 0.711; Re, x 200). The dashed line gives an 
indication of the results which would be obtained for the thicker wire without vortex shedding. 
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the power supplied to the wire and can thus be compared directly with similarly 
normalized data for the thinner source wire (d, = 0.152 mm) which are also shown. 

is lower for the thicker wire, as is 
expected since a greater volume of air is heated. However, the formation of the vortex 
street breaks up the heated wake into streaks of hot fluid. At the same time, in the 
first ten or so wire diameters downstream, the envelope of the vortices grows more 
rapidly than does the mean plume width at the turbulence levels encountered in these 
experiments. Thus in a time-averaged sense the hot air is spread over greater distances 
by vortex shedding although the instantaneous distribution is more concentrated. 
Compared with a turbulent plume from the same wire, the vortex street produces 
a lower mean temperature and higher fluctuations about the mean. 

These features are apparent in figure 17. The dashed lines have been sketched to 
indicate the anticipated variation with 2, for a turbulent plume from a wire of the 
same size. They are not meant to be quantitative but rather to emphasise in a 
qualitative way the effect of vortex shedding. As a result of vortex shedding, the mean 
temperature is reduced for distances up to about 30 d,, which is also roughly the point 
at which the vortex-shedding peaks disappear from the spectrum (see figure 15). 
Beyond this point the mean temperature is also indistinguishable from that due to 
the thinner wire. 

Figure 18 (b) shows that, compared with the turbulent plume from the thinner wire, 
vortex shedding produces a slightly larger peak in temperature fluctuations which 
also occurs nearer to the source. For turbulent plumes the opposite is true; a larger 
source results in a lower peak further downstream as indicated by the dashed line 
(see also the model results in figure 13). There is no clear indication from figure 18 
of the point where vortex shedding ceases to influence at, but the spectral data 
indicated that it is unimportant beyond z , /M - 1 or about 30 d, .  Still further 
downstream at approaches that due to the thinner wire. 

Immediately downstream of the source, 

5. Conclusions 
We have examined in detail, both experimentally and theoretically, the structure 

and development of the plume behind a line source in homogeneous turbulence. 
A wide range of experimental evidence based on direct examination of the 

temperature traces, on frequency distributions, spectra and lengthscales of the 
temperature fluctuations and on the downstream evolution of the intensity and 
spatial distribution of fluctuations confirms the physical picture for the development 
of plumes that we foreshadowed in the Introduction and which is illustrated 
schematically in figure 19. 

The plume begins as an instantaneously smooth distribution of material which near 
the source flaps about only slightly. With increasing distance downstream, the 
instantaneous plume width grows more slowly than the mean width and the 
meandering motion of the plume increases. As observed in absolute coordinates this 
increasing meandering motion dominates the concentration fluctuations for travel 
times from the source of O(t,) .  But near the centre of plumes from small sources, 
meander only determines uo for periods somewhat less than t ,  (SH). The intensity 
of fluctuations increases rapidly throughout this phase and the lengthscale of 
fluctuations is closely related to the lengthscale of the turbulence. 

The instantaneous plume also develops increasing structure throughout this phase 
so that the distribution of tracer material within the plume becomes increasingly 
patchy. Sufficiently far downstream (many t , )  this patchiness within the plume 
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FIGURE 19. Schematic of the development of structure and concentration fluctuations in a 
turbulent plume. 

dominates the concentration fluctuations and the plume develops in a self-similar 
manner in which the intensity of fluctuations is constant and spatial properties 
(including the lengthscale of fluctuations, the instantaneous plume width and the 
width of the mean-square plume) scale with gm, the half-width of the mean- 
concentration distribution. However, even in the meander-dominated stage of the 
plume, the developing patchiness plays an important role in mixing between plume 
and background materials and, for example, in chemical reactions. 

The stochastic model of Durbin (1980) (modified by SH) accounts for a wide range 
of the measured properties of the temperature field of the plume and provides a unified 
treatment of all stages of plume development. On the scale of these laboratory 
measurements, molecular diffusion and viscosity have an important influence on 
concentration fluctuations, not just near the source where the plume is narrow, but 
everywhere. Although our representation of these molecular processes is quite crude, 
the model quantitatively predicts many detailed features of the temperature field. 
No doubt some tuning (e.g. by adjusting the parameter a in the uniform-strain model) 
would produce a better fit to the data, but this was not our aim. We were chiefly 
concerned to show how molecular processes affect fluctuations and what features are 
most influenced. We found that the magnitude and intensity of fluctuations are most 
influenced and that spatial properties of the distribution of fluctuations are much less 
sensitive. 

Including the data of Townsend (1954) and Uberoi & Corrsin (1953), and Warhaft 
(1984), the asymptotic intensity of fluctuations is scattered over a range of 0.6-1.0 
for wires ranging from 0.025 to 0.71 1 mm in diameter but there is no consistent trend 
with source size. 

H. S. and B. L. S. acknowledge support by SERC and NERC, respectively, for their 
work done at Cambridge. 
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