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third harmonic are needed to account for the behaviour of the 
vertical velocity component in the midplan of the cell. We 
have searched for the presence of the fourth and iifth 
harmonics, but could not establish their presence. We 
checked also that there was no si~ni~~~~llt velocity component 
along r’y i.e. the velocity field was bidirne~~si~~~~~~l The 
variations of @‘I and %’ with respect to (I are given on Fig. 
3 and Table 2, for a value of Ru 2 I1 400. We see that the 
amplitude of the fundamental mode \p’ increases M ith LI. 
when @” is decreasing; so the amount of anharmonicrty 15 
greater when the wavelength is smaller’ (see Fig. 2). From zn 
other point of view, we checked the v~iri~ltion of ci: and w3 
with J&l for the structure with i, = 2.57 and found approui- 
matively the expected power law dependences. 

On the Fig. 3 (and Table 1), we give also the velocity 
amplitudes deduced from the calculated values 1+“” and 
W’“.3’. These ones are represented by striped areas. their 
width being given by the experimental uncertainty on I3 
and Ru. Furthermore, we draw for comparison the \aiucb 
deduced from Busse’s results using a Gaierkin procedure. 
The corresponding amplitudes? are not precise for they are 
obtained from an estimate of parameters taken fr(lrn a 
published diagram (uncertainty k S”,,). 

In conclusion, the dependence with respect to (I of the 
measured amplitude of the fundamental mode IS hell de- 
scribed by the perturbative method. The higher values 
deduced from Busse’s calculations can be mainly explained 
by the fact that hrs parameter which gives the fuundn- 
mental amplttude does not follow the power la\ in [IRo 
- Rtr,);Ru,]]‘*. On the contrary. for the third harmonic 

amplitudes, the agreement between the experimental pomts 
and the values calculated from Busse I\ very good when the 

*We can notice that the total mass Fiux carried by 
convection and deduced from velocity profiles is decreasing 
when A increases 

iThere is a misprint in Bussc’s paper 131 smce the ?alues 01 

the coefficients h,, reported in its Fig. ! are not coherent with 
the results of the Table I They become consistent if \vc drop it 
factor x in the value ofh 

perturbatlvc method gives lower value> :~nd ;L different 
variation law with II. 

many helpful discussions and valuable suggestlonc 
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LI j, l/Z, (13. it<,. turbulence structure parame(ers. iI, I, I!. 

L. 
assumed constant: 
length scale defined by equation (2 I: - 1ir. 

I,’ 

$1’ 

T. 

mixing length = -. ijFi I2 ‘. ’ I(( I’/iy); 
turbulent Prandtl number: 
turbulent kinematic pressure tluctuation : 
turbulent kinetic energy ( =z +F + 71: 
difference between local and mean and free 
stream ambient temperalures: 

Reynolds shear stress: 
longitudinal heat flux. 
friction velocity : 
normal heat Rux ; 
coordinates in longitudinal {~tream\visei. 
normal (to wall) and spxlwisc directions 
respectively: 
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accurately if equation (1) is used in a calculation scheme. The 
simplest model is of a “return to isotropy” form, which 
expresses a tendency for the pressure fluctuations to reduce 
any correlation between 0 and ui, and is represented by 

xi, spatial coordinates, identical to s. .I’ 
and z when i = I, 2, 3 respectively. 

Greek sy 

4 
87 
6. 

“7 

,mbols 
thermal diffusivity ; 
constant defined by equation (8) ; 
momentum boundary layer thickness 
(99.5% of free stream velocity); 
thermal layer thickness (99.5% of 
difference between wall and free stream 
temperature); 
temperature fluctuation ; 
friction temperature, equal to ratio of 
thermometric wall heat flux to friction 
velocity ; 
kinematic viscosity. 

EMPIRICAL models of transport equations for the turbulent 
heat flux are currently being used in calculation methods for 
both laboratory and planetary turbulent boundary layers 
[l-5]. In the absence of buoyant generation, the differential 

equation for Bu, may be written [6] as 

The last two terms may be interpreted as dissipation terms 
and are expected to be small by virtue of isotropy of the fine 
scale motion. When the flow is approximately self-preserving, 
advection and diffusion terms are expected to be small in 
comparison with the production term so that the 
temperature-pressure gradient correlation would then repre- 
sent the major destruction or sink term for Bu,. We do not yet 
have an explanation for the physical processes that are 
represented by the temperature-pressure gradient cor- 
relation term but it is obviously important to model this term 
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FIG. I. Budget of atI in heated part of the flow at x/S,, = 42.9. 

(2) 

where only turbulence terms are included. More general 
proposals, reviewed in [7], include mean strain and buoyancy 
effects in the RHS of equation (2). The length scale L is 
expected to be proportional to a length scale representative of 
the energy containing eddies. Donaldson [l] chose a value of 
L (~0.156 in the outer layer) by optimising agreement of his 
method with boundary-layer results. In [2] and [3], Bdp/ax, is 

assumed to be proportional to %&, where r is an integral 
time scale (set by the model) and where the proportionality 

constant is determined by forcing the z equation to satisfy 
observations in the neutral surface layer of the atmosphere. In 
the present note, edp/dx, is estimated from an experimental 
budget of Oui in an approximately self-preserving thermal 
boundary layer and the resulting values of L are compared 
with those chosen by Donaldson [I] and others. 
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FIG. 2. Budget of u0 in heated part of the flow at x/d0 = 42.9. 

Budgets of heat fluxes o0 (in direction normal to the wall) 
and u0 (longitudinal direction) have been measured [8,9] in a 
thermal layer which was obtained by subjecting a fully 
developed boundary layer to a step change in surface heat 
flux. Upstream of the step the surface heat flux was zero while 
downstream of the step, the magnitude of the constant heat 
flux is small enough for temperature to be considered as a 
passive contaminant of the flow. At the step, the velocity 
boundary layer is self-preserving with a thickness 6, of4.5 cm 
and a Reynolds number Re,, (U ,0,/v) of approximately 3000 
((I, rr 9.45 m/s). Fluctuations u, u and 0 were obtained with a 
combined X-wire/single wire probe arrangement. A minia- 
ture DISA X-wire (5um dia. Pt coated tungsten wire) 
operated by two channel of DISA 55MOl constant tempera- 
ture anemometers was used to measure u and u. The 
temperature fluctuation fI was measured with a 1 urn dia. 
platinum cold wire at a distance of about 1 mm from the 
geometrical centre of the X-wire. This cold wire was operated 
by a constant current anemometer with the value of the 
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current set at 0.7 mA. Contamination of the X-wire signals bl 

0 was removed using the method described in [IO]. Budgets of 

1.0 and u0 shown in Figs. 1 and 2 respectively were obtained at 
:i distance of 41.96, downstream of the step, where the 

thermal layer is nearly self-preserving but with a thickncs\ (5, 

equal to only 66”,, of the local velocity boundary-buyer 
thickness 5 ( 18.64 cm ). in Figs. I and 2 ali terms in equation 

( I I were normalized by (i,, the friction velocity U. and the 
friction temperature 0 while the averaging was performed 
only during those periods for which the flow was heated. ‘The 

results of Figs. I and 2 clearly indicate that the 
temper~~ture- pressure gradient correlation effectMy coui~- 

tcracts the production term. All other terms in eyutltlon (I I 
are one order ofmagnitude smaller than the two major term\. 

At very small distances from the step budgets of & and 1-0 
GTiven in LX] show that the diffusion term may become 2 
comparable with the temperature-pressure gradient car- 

relation. 

Equation (1 1 may be ~lppr(~xim~~ted, for rfi in it boundnry 
ln?cr with negligible advection and dis\ipntion, b> 

With the assumption that r1 7 u2( - NY), with if2 assumed 

constant. equation (3) may be rewritten. after some manipu- 

lation. ai 

where /[H -ML’ ‘(?L’;G!,) ‘1 is the mixmg length. Pr, is the 
turbulent Prandtl number~(il’,~\,)l;(~~r~~~)and a, is the 

parameter - i!zT i’. With tii z 0. IS [I I]. tzp 2 1.5 [7] and PI, 

2 0.9 [ 17. 131, L is ~~ppr~~xirn~it~~~~ equal to twice the mixing 

length. In the case ofu0, equation (1 1 mtry be approximated by 

With the assumption th;it - tfff = i~,r~fi. equation (5) may be 

recast 21s 

With t13 == 1.5, a value suggested by the measurements in [ 131 
and [14]. equation (6) yields I_ r 71. in agreement with the 

result obtained from equation (3). Launder [7] has made a 
comprehensive review of the proposed values for the coef- 

iicicnt is in the model 

where :. is the dissipation of turbulent energy. Assuming that 

~170, %, z -- Nip:iri, (7) may be expressed as 

\Lhere L is the dissipation length scale ( -ii?)” ’ I:. With 1. 
1 I [I I]. equation (8) yields L 2 2.51 when the value ol 

cI,( = 3.4). (:IS recommended by Launder [7]) is used. 
It is worth noting that the turbuient Prandtl number PI-, 

may also be written as 

where the turbulence structure parameter LI,,, introduced in 
[IS], is delined as 

and B is thl: non-dimensional ratio 

With /i = -0.5. the value used in [17], ryuaGon (1 1) yicidr ,i 
value of the ratio Lli which is 3x”,, higher than that given h\ 

equation (6). Launder [7] has alread? noted that the value o/ 

c,, does not depend significantly on the Inclusion CTthe me:in 
strain rate effect in equation (21. 

It should linntlq be mentioned thai the \alidlt! of:hc rcsul~ 
L 2 21 ought to extend over the major part II/‘ the hounder) 

layer sincc the turbulence structure parameter\ l,,, L,?. L{,. Cc 
and the non-dimensional ratios Pr, or H are approximateI> 

constant except in the region very near the wall and near the 
outer edge of the Iaver. Vaiucs of l_ iFiF. 3). derived from ihe 

experImental budget of uil for the streamwise station5 of the 
thermal layer, are In fair agreement I\ ith a line ofslupe 2c (h is 

the van Karman constant) in the logarithmic region of the 

layer and with :L constant value of0. IX in the regron 0.3 < t r) 
I; 0.8. ‘This value of 0.18 is approwimatcly twice the \aluc 01 

the mi\ing length I reported by Rradshau [I 11 in the \:unc 

!-cgion of the iaycr. 
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