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The diffusion of a passive scalar (heat) from a continuous line source placed in 
a uniformly sheared, nearly homogeneous, turbulent shear flow is examined. 
Measurements indicate that the mean temperature profile is approximately Gaussian 
near the source but, further downstream, it becomes asymmetric and its peak shifts 
towards the region of lower velocity. The r.m.s. temperature fluctuation profile is 
double peaked close to the source, it is single peaked a t  intermediate distances and 
it demonstrates a re-emergence of double peaks which grow in relative magnitude far 
away from the source. In  comparison to similar experiments in isotropic turbulence, 
the centreline mean temperature appears to have a comparable decay rate, whereas 
the centreline mean-square temperature fluctuations appear to decay a t  a faster rate. 
The spread of the plume is faster than that in isotropic turbulence. The measured 
turbulent heat fluxes and triple temperature-velocity correlations demonstrate 
self-similar features. The development of temperature integral lengthscales and 
microscales is comparable to that in other heated, uniformly sheared flows, while the 
temperat,ure p.d.f. and the temperature-velocity joint p.d.f. are distinctly non- 
Gaussian, especially away from the centreline. The relative magnitudes of the two 
measured components of the turbulent diffusivity tensor are in agreement with 
earlier measurements. 

1. Introduction 
The efficiency of turbulence in mixing and transporting scalars such as heat, 

moisture, chemical reactants and pollutants has provided the motivation for much 
turbulence research. Since the pioneering work of Taylor (1921), numerous 
theoretical, experimental and numerical studies have dealt with the problem of 
turbulent diffusion. The diffusion of heat released from thin sources in nearly 
isotropic, grid turbulence has been studied by Schubauer (1935), Collis (1948), 
Frenkiel (1950), Townsend (1951, 1954), Uberoi & Corrsin (1952), Shlien & Corrsin 
(1974), Warhaft (1984) and Stapountzis et aZ. (1986), whereas Kistler (1956) and 
Warhaft (1981, 1984) have studied the dispersion of heat from two fixed line sources 
in grid turbulence. Experiments in grid turbulence with a uniform mean temperature 
profile have been performed by Kistler, O’Brien & Corrsin (1956), Mills et al. (1958), 
Mills & Corrsin (1959), Yeh & Van Atta (1973), Lin & Lin (1973), Sepri (1976), 
Newman, Warhaft & Lumley (1977), Warhaft & Lumley (1978) and Sreenivasan 
et al. (1980), whereas cases with a uniform mean temperature gradient have been 
reported by Wiskind (1962), Alexopoulos & Keffer (1971), Venkataramani & 
Chervay (1978), Sirivat & Warhaft (1983), and Budwig, Tavoularis & Corrsin (1985). 
Numerical simulations complementing these experimental investigations include, 
among others, the work by Libby & Scragg (1972), Sullivan (1976), Lumley (1978, 
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1983), Anand & Pope (1983), Pope (1981, 1983), Lumley & Van Cruyningen (1985) 
and Shih & Lumley (1986). 

Corrsin (1952) was probably the first to examine the diffusion of scalars in sheared 
homogeneous turbulence. Theories on turbulent diffusion in shear flows have been 
reviewed by Hinze (1975) and Monin & Yaglom (1973). A number of the available 
analyses and experiments have considered the case with a constant mean 
temperature gradient superimposed on the velocity field. Analyses of such flows have 
been presented, among others, by Deissler (1962), Fox (1964) and Tavoularis & 
Corrsin (1985). The experiments of Tavoularis & Corrsin (1981 a ,  b )  provide a detailed 
documentation of such a flow ; Sreenivasan, Tavoularis & Corrsin (1981) have focused 
their attention on evaluating the performance of gradient transport models whereas 
Tavoularis & Corrsin (1985) have concentrated on the effect of mean shear on the 
diffusivity tensor. Riley & Corrsin (1974) have attempted to relate the turbulent 
diffusivities to the Lagrangian velocity statistics whereas Riley & Corrsin (1971), 
Jones & Musonge (1983), Shirani, Ferziger & Reynolds (1981) and Rogers, Moin & 
Reynolds ( 1986) have presented numerical analyses for scalar transport in uniformly 
sheared flows. 

Analytical studies of the diffusion from concentrated sources in a uniformly 
sheared flow have been presented by Novikov (1958), Elrick (1962), Okubo & 
Karweit (1969) and Huang (1979). While the present investigation was in progress, 
a few relevant experimental studies also appeared. These include the point-source 
measurements by Nakamura et al. (1986) and Sakai et al. (1986) and the line-source 
measurements by Stapountzis & Britter (1987) and Kyong & Chung (1987a, b ) .  
Concerning the latter two experiments, one may note that Stapountzis & Britter 
(1987) provide measurements only relatively close to the source while the results of 
Kyong & Chung (1987a, b )  appear to be affected by the wake of the heated source. 
The only other available experiments are the preliminary results of Tavoularis & 
Corrsin (1981 a) ,  using a single heating rod in their shear generator. 

In  the present experiments, the diffusion of heat from a line source in the presence 
of a uniform mean shear is studied. Although it is well known that exact transverse 
homogeneity is incompatible with the preservation of uniform shear (Champagne, 
Harris & Corrsin 1970; Harris, Graham & Corrsin 1977), the present flow field 
exhibits improved homogeneity compared to those in previous studies. The velocity 
field as well as the mean and fluctuating temperature fields are documented in detail. 
Having already established the fact that  the velocity field attains a self-similar 
structure asymptotically (Tavoularis & Karnik 1989), i t  seemed worthwhile to 
investigate whether the temperature field is also self-similar. Furthermore, the 
present study provides temperature-velocity joint statistics such as heat fluxes and 
higher correlations as well as probability density functions with the purpose of 
documenting in depth the diffusion process and also generating a reliable database 
for future tests of theoretical and computational models. 

2. Experimental facility 
A detailed description of the wind tunnel used in the present investigations has 

been provided by Karnik & Tavoularis (1987). The flow, produced by two centrifugal 
blowers, passed through various turbulence reduction screens and a 16: 1 contraction 
before entering the test section shown in figure 1.  The velocity profile was produced 
with the use of a shear generator which consisted of 12 channels with adjustable 
resistance within each channel. To obtain uniformity of scales, the flow was directed 
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FIGURE 1.  Sketch of the wind-tunnel test section. (1) Shear generator, (2) flow separator, 
(3) heating source. M = 0.0254 m, h = 0.305 m. 

through a flow separator, consisting of 12 unobstructed channels which were aligned 
with those in the shear generator. The height, M ,  of each individual channel 
(including half-thickness of separating plates) was 25.4 mm. This quantity is 
indicative of the typical turbulent eddy size and analogous to  the mesh size in grid 
turbulence. The test section was equipped with four slots for the insertion of frames 
fitted with the flow manipulators or heaters. The vertical walls of the downstream 
part of the test section were adjusted to partially compensate for boundary-layer 
growth. 

Heat was introduced by electrically heating a metallic element, stretched across 
the vertical walls of a wooden frame which could be inserted into the slots provided 
in the wind-tunnel test section. The element was held fixed a t  one end and was kept 
taut with the use of small weights suspended at  the free end. In  all the present 
experiments, the distance of the element from the flow separator was 4.6h, where 
h = 0.305 m is the height of the test section. 

For measurements close to the source, a nichrome wire with diameter d = 
0.051 mm and supplied with electric power of approximately 7 W/m was used. At a 
mean centreline velocity D,, = 13.0 m/s, the Reynolds number, based on the 
kinematic viscosity of the air in the vicinity of the heated wire, was estimated to be 
22, lower than the critical value of 40 above which vortex shedding might occur. It 
was found, however, that in order to generate measurable temperature signals at 
large downstream distances, it would be necessary to release more heat than a single 
cylindrical wire could withstand in the low-Reynolds-number regime. Thus, a 
heating ribbon (toaster element) was used as a source; i t  had a thickness of 0.13 mm 
and a width of 0.528 mm, and was provided with approximately 70 W/m power. It 
was expected that the temperature field of this source would approximate that of a 
line source a t  a sufficient downstream distance. The Reynolds number based on the 
thickness of the element and a t  the mean speed of 7.8 m/s used for these tests was 
approximately 67 a t  ambient temperature and approximately 15 a t  the film 
temperature, low enough for the possibility of vortex shedding with the ribbon 
considered as a bluff body to  be ruled out. 

The mean temperature was measured by glass-coated thermistor mini-probes 
(Fenwall Electronics, ZOOOSZ), operating with home-made electronic circuits. 
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Variations in room temperature were accounted for by measuring the temperature 
rise above the ambient flow temperature, which was monitored upstream of the 
heating source. The fluctuating temperature was measured with a 1.3 pm platinum 
wire (Dantec type 55P31) operating a t  a constant current of 0.32 mA supplied by an 
active bridge (Tavoularis 1978). The cold-wire signal was amplified with a gain of 
5000 and low-pass filtered at 3 kHz. The r.m.s. output of the cold wire in the 
unheated flow, consisting almost entirely of electronic noise, was equivalent to a 
r.m.s. temperature fluctuation, &, of approximately 0.013 "C. The mean-squared 
temperature fluctuations were corrected by subtracting 6Lz from the corresponding 
raw measurement based on the assumption that the temperature fluctuations and 
noise were uncorrelated. 

The velocity field was measured with a custom-made miniature cross-wire array 
(TSI model 1248BJT1.5). The 5 pm diameter wires were approximately 2 mm long 
and 0.51 mm apart and were powered by two TSI 1050 constant-temperature 
anemometers. The instantaneous effective cooling velocity, Ueff, of each wire was 
obtained from the anemometer output voltage, E ,  by inverting the modified King's 
law as 

u,,, = [( T, - - E2 q - 6, -A)yB]l'n, 

where Tw is the hot-wire temperature, equal to about 250°, % and 6, are the mean and 
instantaneous temperature fluctuations of the flow and A ,  B and n are calibration 
constants. The addition and subtraction of the values of U,,, for each wire provided 
instantaneous values of the streamwise and transverse velocity components. 

Measurements of U,,, were corrected for the temperature sensitivity by 
incorporating the values of and 6, measured with the thermistor mini-probe and 
the cold wire placed alongside the cross-wire array. The cold wire was positioned on 
the (x,,x,)-plane with its axis a t  an angle of approximately 5' with respect to the 
x3 axis; its centre was aligned with the centres of the cross-wire array and was about 
2 mm away from the closest hot-wire sensor. The bead of the mini-thermistor probe 
was also aligned with the wire centres along the x3 axis. A data acquisition system, 
consisting of a PC-controlled, high-speed, analog-to-digital 1/0 board (DT2828, 
Data Translation Inc.) was used to digitize and process the signals. 

3. Measurements 
3.1. The velocity Jield 

Detailed measurements published earlier (Karnik & Tavoularis 1987) have 
established the downstream constancy and the spanwise uniformity of the mean 
shear. A study of the turbulent characteristics is presented by Tavoularis & Karnik 
(1989). 

Although, as mentioned earlier, exact transverse homogeneity is not possible in 
unbounded uniformly sheared flows, i t  was desirable to have the least possible 
inhomogeneity within the region of interest in order to isolate the effect of mean 
shear on diffusion. Further improvement of the homogeneity level reported in 
(Tavoularis & Karnik 1989) was accomplished by finely adjusting the screens in the 
shear generator. Although, as expected, the mean shear was sensitive to such 
changes, figure 2 shows that a clearly improved transverse homogeneity was 
achieved with only a slight distortion of the mean shear, which remained reasonably 
uniform and maintained downstream a near constancy. Confirmation of the 
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FIGURE 2. Transverse variation of (a) the mean velocity, ( b )  the r.m.s. velocities: A, A, xo/M = 
48.0; 0, 0,  x,/M = 84.0; u,, = 7.85 m/s; solid symbols indicate the presence of a heated 
source. 
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FIGURE 3. Kownstream development of Reynolds stresses along the centreline ; 0,  0, 2; 
., 0, u:; U,, = 7.85 m/s; solid symbols indicate the presence of a heated source. 

exponential growth (Tavoularis & Karnik 1989) of the normal Reynolds stresses is 
indicated in figure 3 in which xg is the distance downstream from the source. 
Figures 2 and 3 also illustrate that, except in the vicinity of the source, the velocity 
field was effectively unaltered by the addition of heat to the flow, thus confirming the 
passivity of the scalar. In all measurements reported here, the wind-tunnel constant, 
k, = ( i//71c) (dOJdx,), was 0.62 If: 0.03 per m. 

Figure 4 presents the transverse mean and r.m.s. velocity profile in the shear flow 
downstream of the ribbon. The velocity deficit was measurable near the source 
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FIGURE 4. Transverse profiles downstream of the ribbon : (a )  mean velocity, ( b )  r.m.5. velocities, 
x,JM = 0 (0,  without ribbon), 2.0 (O), 8.0 (A), 12.0 (0):  u,, = 7.85 m/s. 

(x,/M c 12) but not further downstream. I n  the case of the nichrome wire, the mean 
velocity deficit was measurable for x,/M < 3.  

3.2. The mean temperature field 
Transverse mean temperature profiles are presented in figure 5 .  Following the 
practice used in earlier publications, the transverse positions have been normalized 
with the half-width, w, of the mean temperature profiles, defined as half the distance 
between the points having a temperature rise which is 50% of the peak value ATp. 
For Gaussian random variables, the standard deviation of the mean profile is equal 
to 0.85 times the half-width. The mean temperature is normalized with the 
corresponding centreline temperature rise ATc. 

Transverse mean temperature profiles near the source a t  various stations 
downstream of the 0.051 mm diameter wire are presented in figure 5(a) .  The profiles 
appear to be nearly Gaussian, in conformity with the findings of Stapountzis & 
Britter (1987) ; the peaks are on the axis except very close to the wire, where a slight 
buoyancy effect is manifested by a shift of the peak towards positions of higher 
velocity. Transverse mean temperature profiles downstream of the ribbon are shown 
in figure 5 ( b ) .  Near the source, except for the slight buoyancy effect, the profiles are 
also nearly Gaussian. However, further downstream the profiles appear to be shifted 
towards the region of lower velocity with the position of the peak mean temperature 
also shifting in the same direction. A similar observation was made by Nakamura 
et al. (1986) for diffusion from a point source in a uniform shear flow and by Kyong & 
Chung (1987 a).  The observation of symmetric profiles by Stapountzis & Britter 
(1987) is compatible with the present results, if one considers that their measurements 
did not extend sufficiently far from the source, where the effect of shear on diffusion 
would be measurable. Their observation of a shift of the peak temperature towards 



Measurements of heat diffusion 239 

X t I W  

FIQURE 5. Transverse profiles of the mean temperature rise: (a )  downstream of the 0.051 mm 
diameter wire, ( b )  downstream of the ribbon ; - - - -, Gaussian profiles. 
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the region of higher velocity could possibly be due to  buoyancy rather than to shear. 
Further discussion on this aspect will be provided later. 

Figure 6 presents the loci of points with mean temperature rise a t  a particular 
fraction of the peak mean temperature rise, ATp, whereas figure 7 shows some mean 
isotherms on the wind-tunnel centreplane. Both these figures provide further 
evidence of the shift of the mean temperature profiles. 

Measurements of the downstream decrease of the centreline mean temperature rise 
ATc are presnted in figure 8 along with measurements in isotropic turbulence 
(Warhaft 1984; Stapountzis et al. 1986) and in uniformly sheared flows (Tavoularis 
& Corrsin 1981 a). These measurements have been scaled with a reference temperature 
rise A T ,  computed as 
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FIGURE 8. Downstream decrease of the normalized centreline mean temperature rise, A T / A T  ; 
0, 0.051 mm diameter wire ( A T  = 8.8 "C); 0 ,  ribbon ( A T  = 57.3 "C); A, Stapountzis et al. 
(1986) ( A T  = 132.6 "C); 0 ,  Warhaft (1984) (d = 0.025 mm) ( A T  = 21 "C); ., Warhaft (1984) 
(d = 0.127 mm) ( A T  = 42.3 "C); 0,  Tavoularis t Corrsin (1981~) ( A T  = 15.6 "C); -, n = 1.0; 
- - -, n = 0.75. 

where P is the power input to the source per unit length, d is the thickness of the 
source and p,cp are fluid properties evaluated a t  ambient temperature. For 
simplicity, the magnitude of A% is evaluated with the use of the measured source 
thickness rather than the ' effective ' source thickness which depends on the geometry 
of the source. To facilitate comparison with the decrease of A q  in isotropic 
turbulence, the downstream distance was normalized with the grid or shear- 
generator spacing M .  

It should be noted that, since the peak mean temperature rise, ATp, was not 
appreciably different from A E ,  the decrease of ATp can also be deduced from 
figure 8. The decrease of ATp in the shear flow could be fitted, within limited ranges, 
by power laws of the type 

Two distinct patterns of decay could be observed; one near the thin-wire source with 
n x 1.0 and the other downstream of the ribbon with n w 0.75. These exponent 
values are not very different from the ones observed in isotropic turbulence. 

3.3. The juctuating temperature jield 
The transverse distribution of the mean-squared temperature fluctuations is shown 
in figure 9. Close to the source, the profiles exhibit distinct double peaks which are 
suppressed in an intermediate region but reappear prominently further downstream. 
The peak on the side of higher velocity is greater than that on the lower side. Double 
peaks have also been observed in the shear flow experiments of Tavoularis & Corrsin 
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FIGURE 9. Transverse distribution of the mean-square temperature fluctuations, downstream of 
(a) the 0.051 mm diameter wire, and ( b )  the  ribbon; -, fitted curves. 
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(1981 a )  and in the isotropic turbulence experiments of Warhaft (1984). A possible 
explanation of double peaking will be presented in the discussion. 

The downstream development of the centreline mean-squared fluctuations, E, 
normalized with (AC)', is presented in figure 10. A simple power law of the type 

cannot be fitted to the entire range. Near the source, a value no x 1.7 seems 
appropriate, whereas further downstream the decay is faster, corresponding to 
no x 3.2. The decay close to the source is not very different from that observed in 
isotropic turbulence. Figure 11 indicates that the ratio of the centreline values of the 
r.m.8. temperature fluctuation and the mean temperature difference approaches a 
downstream value of 0.15, substantially lower than the value of 0.7 obtained in 
isotropic turbulence. The value 0.15 is also compatible with the preliminary 
measurements of Tavoularis & Corrsin (1981 a ) .  

3.4. Integral lengthscales and microscales 
The velocity and temperature integral lengthscales were evaluated by integrating 
respective autocorrelation functions to their first zero and using Taylor's 'frozen 
flow' approximation. The scales were ensemble averaged over a number of records; 
each record had a duration of a t  least 100 times the corresponding integral timescale. 
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The transverse distribution of the integral scales was found to be reasonably 
uniform. 

The downstream development of the integral lengthscales along the centreline is 
presented in figure 12. Near the source, these scales are affected by the wake of the 
source but, away from it, they achieve growth rates comparable with those in the 
measurements of Tavoularis & Karnik (1989). The growth rate for Lz2, , is not very 
different from that for L,, , ,  and the ratio L22,1/Lll,l is approximately 0.3, not too 
far from the value of 0.23 measured by Tavoularis & Corrsin (1981a). The ratio 
L,,,l/L1l,l appears to approach an asymptotic value of 0.82 which is not very 
different from the values of 0.76 and 0.83 observed in the shear-flow measurements 
of Tavoularis & Corrsin (1981 a)  and the heated-grid experiments reported by 
Sreenivasan et al. (1980) respectively. 

The Taylor microscales and the Corrsin microscale were evaluated according to the 
definitions 

Figure 13 (a) shows that the transverse distributions of the microscales A,,, A,, and 
A,, are fairly uniform although some values appear to increase slightly in the 
direction of the shear, as also observed by Tavoularis (1985). The downstream 
development of A,,, A,, and A,, (figure 13b) indicates the attainment of nearly 
constant asymptotic values, as observed in previous experiments (Tavoularis & 
Corrsin 1981 a). The asymptotic values of the ratios A2,/A,, and A,,/A,, are 0.85 and 
1.23, somewhat larger than the values 0.68 and 0.87 measured by Tavoularis & 
Corrsin (1981 a). 
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3.5. Skewness factors and temperaturevelocity correlations 

The skewness factors for the two components of velocity were found to be less than 
0.1 in magnitude sufficiently downstream from the source. Transverse profiles of the 
skewness factor of the temperature fluctuations, S B = @ / 8 ' 3 ,  shown in figure 14, 
indicate that S, was positive, with a minimum value near the axis of the plume and 
decreasing in magnitude with distance from the source, A possible explanation will 

Transverse profiles of the correlation coefficients pu,, = u1 B / u i  8' and pU,@ = 
g / u i  8' are presented in figure 15. These coefficients have opposite signs and they 
reverse signs near the location of the peak mean temperature. pu,e is approximately 
-0.37 on the side of the lower velocity and 0.34 on the side of the higher velocity. 

be given in the discussion. - 
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A similar behaviour has been observed in a related experiment performed by 
Sreenivasan et al. (1981) where the values changed from -0.5 to 0.35. Complementing 
this behaviour, put@ changes from about 0.44 on the side of lower velocity to -0.46 
on the side of higher velocity. 

Figure 16 presents transverse distributions of the triple correlation coefficiedts 
82ul/82ui and 82u2/82u;. As in the case of pule, the correlation coefficient B2ul/82uf 
(figure 16a) changes sign from positive values in the region of lower velocity to 
negative values in the region of higher velocity. However, the values in each region 
grow in magnitude away from the centreline and there appears to be a region of near 
constancy in the vicinity of the position of the mean temperature peak, before the 
change in sign occurs. Qualitatively, the transverse profile for 82u2/02u~ (figure 16b) 
shows similar trends but is of qposite s@ to the 82u,/8u', profile. 

Transverse profiles for u,28/uf 8' and ui 8/26' are presented in figure 17. These 
profiles are very similar to each other and indicate a change in sign thrice; in the 
region of lower velocity, near the centreline and again in the region of higher velocity. 

-- -- -- 

-- 
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Finally, the profiles of u1 u2 $/u; u; 8', shown in figure 18, appear to be a mirror image 
of the profiles in figure 17. 

It is interesting to note that the transverse profiles of all the above correlations, 
measured a t  three downstream stations, nearly collapse when plotted versus the 
normalized distance x2/w,  implying a self-similar structure of the bemperature field. 
Exact self-similarity is, of course, not attained, as evidenced, for example, by the 
developing skewness in the mean temperature profile and the growth of double peaks 
in the 8' profiles. 

3.6. Probability density functions 
The probability density functions (p.d.f.) of the two velocity components u1 and 
u2, shown in figure 19, closely match the standard normal density function also 
represented in the figure. Such a behaviour has also been observed by Tavoularis & 
Corrsin (1981 a) .  On the other hand, the p.d.f. of the temperature fluctuation on the 
centreline shows a measurable deviation from the Gaussian p.d.f. and a skewness 
that increases with distance from the centreline (figure 20). The p.d.f. of 0 a t  two 
positions with the same value of AT/A% appear to be very close to each other. 

The joint p.d.f. of the two velocity components, shown in figure 21, corroborates 
the observation of Tavoularis & Corrsin (1981a) that this quantity is not very 
different from a jointly normal p.d.f. with the same correlation coefficient. The joint 
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FIQURE 20.  x2 /M = 1.3 ; 
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FIGURE 21. Joint probability contours of u1 and u, at xo/M = 84.0; x,/M = 0:  P(u,, u2) = 0.15 
(0 ) ;  0.1 (A); 0.05 (0); 0.01 ( 0 1 .  

p.d.f. of each of the velocity components and the temperature fluctuations, shown in 
figure 22, indicate increasing deviation from a Gaussian behaviour with increasing 
distance from the centreline. 

4. Discussion 
4.1. Test of passivity of heat input 

The electric power input to the line aource was kept small in order to reduce the effect 
of heat injection upon the dynamics of the flow, Measurements of the velocity field 
behind the source, with and without heat, have not shown any appreciable 
differences. Nevertheless, the slight upward shift of the mean temperature peak near 
the heated wire could be attributed to buoyancy. 

The magnitude of buoyancy effects was also examined by estimating the ‘ flux ’ and 
‘gradient ’ Richardson numbers. The flux Richardson number, 

a t  the position of the maximum positive mean temperature gradient, varied from 
0.022 to 0.0014 in the range 4 < x,/M < 84. Such values are much smaller than the 
critical value of 0.2, indicating that buoyancy effects were negligible in that range of 
x,/M. The gradient Richardson number, 

aF/ax2 R = =  - 
T (dUJdx,)” (9) 

near the source (x,/M = 4) attained values as high as 0.23, indicating the possibility 
of some buoyancy effects in that region. However, R, decreased monotonically with 
downstream distance, to a value of 0.002 a t  x,/M = 84, supporting the claim that 
heating effects were negligible and that heat could be treated as a passive 
contaminant. 

9 FLM 102 
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FIQURE 22. Joint probability contours of velocity components and temperature a t  xo/M = 84.0: 
(a) P(u,,@) a t  x, /M = 0;  ( b )  P(u,,O) at x,/M = 2.1; (c) P(u,,B) a t  x , / M  = 2.1. Symbols as in 
figure 11. 

4.2. Mean temperature projiles 

The development of the mean temperature profile due to a concentrated heat source 
in turbulent shear flows has been an issue of considerable debate. Simple physical 
argument leads to the expectation that, a t  a given distance downstream from the 
source, turbulent diffusion in eddies convected a t  a high mean speed would have 
acted upon the temperature field for less time than that in eddies convected at a low 
mean speed. If one further assumes that the turbulent diffusivity is uniformly 
distributed, one would expect that the heat should spread further into the low- 
velocity region than into the high-velocity region and that the position of maximum 
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FIQURE 23. Transverse distribution of the mean temperature gradient computed by 
differentiating a fitted polynomial to the data of figure 6 :  0, xo/M = 60.0; 0 ,  xo/M = 84.0. 

temperature should shift towards the high-velocity region. This argument has been 
supported by the computations of Okubo & Karweit (1969). 

Consistent with the above argument, figures 6 and 7 reveal that, a t  a given xo, the 
spread of the isotherms with respect to the position of the peak mean temperature 
is greater in the region of low velocity than in the region of high velocity. The 
asymmetry of the mean temperature profile is illustrated more clearly in figure 23, 
showing the transverse mean temperature gradient distribution. Not only is the 
magnitude of this gradient generally higher on the high-speed side, but its 
asymmetry increases downstream, as evidenced, for example, by the increase of the 
ratio of maximum gradient magnitudes of the high-speed and low-speed sides from 
1.13 at xe/M = 60 to  1.33 a t  x0/M = 84. A similar asymmetry in the mean 
temperature profiles has also been observed in the experiments of Tavoularis & 
Corrsin ( 1 9 8 1 ~ )  and Nakamura et al. (1986). 

On the other hand, measurements in a plane free jet and in a few other 
inhomogeneous shear flows, summarized by Hinze (1975), show a higher temperature 
spread towards the higher-speed side. This could be attributed to flow inhomogeneity 
and possibly to large-scale transport ; the explanation provided by Hinze (1975) 
appears to be inconsistent with his mixing-length-type model. Finally, although the 
observation of Stapountzis & Britter (1987) of a symmetric profile, shifting towards 

Y.2 
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the high-speed side, seems contradictory a t  first glance, it is in fact compatible with 
the present measurements. This is because the only profile reported by Stapountzis 
& Britter (1987) was measured a t  a position corresponding to a total strain r = 
(xO/Dlc) (dUl/dx2) of about 1.3. The present experiments also indicate that the mean 
temperature peak was on the high-speed side for r < 2.5, but it moved towards the 
low-speed side further downstream. Thus, the initial shift can be attributed to 
buoyancy, since the effects of shear on diffusion are expected to become measurable 
only after substantial straining of the flow. These effects are well documented by the 
present measurements, extending to regions with a total strain as large as 13.5. 

Consideration of mean convection effects on diffusion would imply that the 
location of the peak mean temperature should move towards the high-velocity 
region. However, the present experiments, as well as those of Tavoularis & Corrsin 
(1981 a ) ,  Nakamura et al. (1986) and Kyong & Chung ( 1 9 8 7 ~ )  indicate that the locus 
of the peak mean temperature shifts monotonically towards the region of lower 
velocity. The possibility that the peak shift could be due to some spurious effect of 
the wind-tunnel air supply or the traversing system was further reduced by repeating 
some tests with the shear generator inverted so that the higher-velocity region was 
towards the lower half of the tunnel. These tests (not presented here) indicated once 
more that the mean temperature peak shifted towards the low-velocity region which 
was also the region of greater diffusion. This was also supported by the fact that the 
higher of the two peaks of the r.m.s. temperature profiles was in the higher-velocity 
side of the centreline. A clear explanation for this shift has not yet been found and 
it will be a topic of future investigations. 

4.3. Temperature $fluctuations 
The phenomenon of the occurrence, suppression and subsequent reappearance of the 
double peaks in the r.m.s. temperature fluctuation profiles deserves further attention. 
Temperature fluctuations are produced 'locally' in regions of non-zero mean 
temperature gradient as well as transported from neighbouring regions by turbulent 
motions. 

The ratio between the r.m.s. temperature fluctuations and the magnitude of the 
local mean temperature gradient, li3T/ax21, shown in figure 24, is fairly constant away 
from the position of mean temperature peak (where it is by definition infinite), 
although 8' varies considerably across the flow. Constancy of this ratio is in perfect 
agreement with the concept of gradient transport in a transversely homogeneous 
turbulent field. 

If local production were the only source of temperature fluctuations (and if one 
neglected production by the weak streamwise mean temperature gradient), then 8' 
should vanish at locations of peak mean temperature. This, however, does not 
happen because temperature fluctuations are also transported by turbulent eddies 
originating in regions with non-zero aT'/ax,. Therefore, the size of these eddies 
relative to a scale characterizing the variation of aT/ax2 becomes an important 
parameter. If the size of transporting eddies is small compared with the distance over 
which aT/ax, changes appreciably, local conditions prevail and 0' would be nearly 
proportional to the local value of aT'/ax2. If, however, the size of these eddies is 
relatively large, the local value of 8' would also be affected by the mean temperature 
gradient at neighbouring locations and the 8' profile would tend to be smoother than 
that in the previous case. A possible measure of the relative eddy size is the ratio 
Ll,/w, which has been plotted versus distance from the source in figure 25. The fact 
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FIGURE 25. Downstream development of-the ratio of the streamwise velocity lengthscale to the 
half-width of the mean temperature profile : 0, scale measured without ribbon ; 0 ,  scale measured 
with ribbon; A, Warhaft (1984). 

that this ratio generally decreases away from the source is consistent with the 
increasing prominence of double peaks in the 8' profiles. 

The above explanation can be further elucidated with the use of the following 
simplified model. Consider a Gaussian mean temperature profile, such that 

where x is a dimensionless distance related to the location of the peak, xzp, and the 
standard deviation of the profile, u = 0.85w, by 

5 2  - x2p 
Z =  
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FIGURE 26. Spatially averaged production of temperature fluctuations for a Gaussian mean 
temperature profile: -, A2 = 0;  ......, Az = 1.0; - - - - ,  Az = 2.0; -.-, Az = 5.0; ---, 
Az = 10.0. 

Then, the local temperature fluctuation production, P8(z), can be expressed as 

where D,, is the turbulent diffusivity that can be assumed to be a constant across the 
profile (see $4.5). 

For a crude approximation one may assume that, a t  any given position, z ,8 '  is 
proportional to the production averaged over a span Az, i.e. 

where Az could be considered to be analogous to the ratio Lll , l /w. 
As seen in figure 26, for Az = 0, 6 vanishes on the axis and has two prominent 

peaks. By analogy, one would expect that, when Ll1,,/w x 0,8' x 0 where 
@/ax, x 0, i.e. a t  the peak of A T ,  As Az increases, the value of on the axis grows 
and its double peaks are suppressed. For sufficiently large Az, a single peak occurs a t  
the location z = 0, while, as Az+ 00, Pe becomes uniform. A similar behaviour would 
be expected for the 8' profile as a function of Lll,l/w. 

The above model could be easily modified to incorporate the non-Gaussian features 
of the AT profile or to introduce a weighted averaging of 5. This could lead to 
explanations of secondary observations, such as the fact that one peak in the 0' is 
higher than the other one. 

4.4. Temperature-velocity correlations 

Physical reasoning, based on the gradient transport concept, can be used to 
interpret, a t  least qualitatively, the variation of all measured temperature-velocity 
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correlations. It has already been demonstrated by several investigators that u,8 has 
a sign opposite to that of aT/ax, in flows where this gradient dominates; in 
conformity with the negative correlation in the present flow, u,8 is generally 
found to have the same sign as aT/ax,. A generalization of this concept to any 
transported quantity, a ,  leads to the general rule that the covariance B$ must have 
the opposite sign to and the covariance zp the same sign as the mean gradient 
aa/ax,. This rule is adequate for explaining all present results. For example, the 
measured c o v a r i a n c e 3  is positive in regions with a8u,/ax2 < 0, vanishes near the 
stationary points of Bu, (nearly coinciding with the inflection points of the mean 
temperature profile) and is negative in regions with a%/ax, > 0 (e.g. around - _ _  the 
- centreline). Similar explanations can be devised for the variations of u1e2, u,02, 

(and, thus, of the 
temperature fluctuation skewness, S,) is due to an entirely different reason. At first, 
one may observe that positive skewness of a random variable corresponds to a non- 
Gaussian distribution in which negative peaks of the variable occur with smaller 
amplitude but longer total duration than the positive peaks. In the present situation, 
the fluctuating temperature is bounded between the unheated, ambient fluid 
temperature and the heating source temperature, although fluid with intermediate 
temperatures is produced a t  different positions in the thermal plume of the source as 
a result of molecular difksion and mixing. The observed positive skewness of 8 is 
attributed to the occurrence of low-amplitude negative peaks in the &signal, 
corresponding to the ‘ cold ’ fluid. This also explains why S, increases dramatically 
from the centreline towards the edges of the plume. The fact that S, decreases 
monotonically downstream is due to the smearing out of hot-fluid positive 
temperature peaks by molecular diffusion. 

U; 0, and u1 U, 8. 
On the other hand, the positive sign of the triple moment 

4.5. Turbulent diffusivities 

The applicability of a turbulent diffusivity tensor, D,, defined as 

to nearly homogeneous shear flows has been established by the experiments of 
Sreenivasan et al. (1981) and Tavoularis & Corrsin (1981 a, 1985). Estimates of the 
components of D, (Tavoularis & Corrsin 1985) indicate that the tensor is neither 
diagonal nor symmetric. 

Although, in the present flow, both aT/ax, and aT/ax, are generally non-zero, the 
former gradient is much larger than the latter, except within a narrow region around 
the peak of the mean temperature profile. With this consideration and in view of the 
appreciable turbulent transport into regions with small aT/i3xz, estimates of D,, and 
D,, are subject to large errors and will not be presented here. 

The D,, and D,, components, evaluated in regions where laT/ax,l >> laT/ax,l, 
showed relatively small transverse variation. Their ratio, D,,/D,,, throughout the 
heated region, was remarkably close to the value of 2.1 measured by Tavoularis & 
Corrsin ( 1985). 

Turbulent diffusivities in homogeneous flows can be expressed as products of a 
Lagrangian characteristic velocity and a Lagrangian characteristic length (Corrsin 
1957). In  the absence of Lagrangian measurements one could estimate D,, from the 
producer of the Eulerian scales u; and L,,. The ratio D2,/(u;Lll) was about 0.1, in 
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Estimates of D,, (m2/s) Estimates of D,,/D,, 

~ ~ - 0 0.0033 0.0035 - -2.3 -1.3 
2.1 0.0016 0.0024 -2.0 -1.9 - 

-1.8 0.0025 0.0016 - 2.0 -1.8 - - 

- ___ - 

- - 

TABLE 1 .  Typical estimates of diffusivities at x,,/M = 84.0 

close agreement with the measurements of Sreenivasan et al. (1981) and Tavoularis 
& Corrsin (1981 a) .  

Following the successful qualitative explanation ($4.4) of the signs of the third- 
order temperature-velocity correlations, one could further explore the applicability 
of simple gradient transport models to the prediction of third moments. Since the 
transport mechanism is the same for all quantities, one is tempted to consider the use 
of identical diffusivities for the corresponding second and third-order covariances, as 

auk e uiu,e = -D~,-, axj 

As seen in table 1, the values of the central diffusivity, D,,, estimated from the 
three third-order covariances, are not very different from that estimated from the 
heat flux. Also, the ratios of the two measurable components of the turbulent 
diffusivity tensor, D,,/D,,, were comparable in both cases. Thus, it appears that a 
universal turbulent diffusivity tensor could be used for rough estimates of both 
second- and third-order temperature-velocity correlations. 

5. Conclusions 
The main conclusions of the present study can be summarized as follows. 
(a )  At sufficiently large diffusion times the mean shear causes the mean 

temperature profile to become asymmetric and its peak to shift towards the region 
of lower velocity. 

( b )  The occurrence, suppression and reappearance of the double peaks in the 
temperature fluctuation profiles can be explained by considering the relative size of 
energy-containing eddies with respect to the plume width. 

( c )  The variations of double and triple temperature-velocity correlations are 
consistent with the gradient transport concept. A universal turbulent diffusivity 
tensor can be used to model all these quantities. 

( d )  The positive temperature fluctuation skewness can be attributed to the effect 
of negative fluctuations in the signal due to 'cold' fluid. 

( e )  The collapse of the temperature-velocity correlations at various downstream 
stations indicates an approach to a self-similar temperature field, although exact 
self-similarity is precluded by the monotonic development of the mean and r.m.s. 
temperature profiles. 
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